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FIG. 7-1a  The infrared spectrum of CH,l as a liquid.
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ATMS 533. Atmospheric Radiation I  Autumn 2013

Instructor: Stephen Warren
room 524 ATG, tel. 543-7230. sgw@uw.edu

COURSE DESCRIPTION

(a) Radiative transfer: methods for solving the radiative transfer equation
including scattering.

(b) Scattering and absorption of light by small atmospheric particles:
Rayleigh scattering, Mie theory.

A particular application emphasized in the course is the interaction of clouds
with solar radiation.

Prerequisite: (1) undergraduate electricity and magnetism.
(2) ATMS 532 is highly desirable.

COURSE OUTLINE

A. Radiative Transfer

Definitions and radiation quantities

Radiative transfer equation (r.t.e.)

Formal solution of r.t.e.

Plane-parallel form of r.t.c.

Azimuthally-averaged r.t.c.

Integral equation for source function ¢

Monte-Carlo method

Representation of anisotropic phase functions inr.t.e.

r.t.e. for plane-parallel atmosphere illuminated by
direct solar beam.

10. Two-stream method

11. Eddington method for multi-layer atmosphere

12. Phase function truncation

13. Doubling method

14. Discrete ordinates method
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B. Single Scattering

Review of electromagnetic theory
Polarized light

Reflection at an interface

Theory of optical constants
Rayleigh scattering

Mie theory

Results of Mie theory
Nonspherical particles
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TEXTBOOKS

Petty, G.W., 2006: A First Course in Atmospheric Radiation. Sundog Publishing.
Thomas, G., and K. Stamnes. Radiative Transfer in the Atmosphere and Ocean.
Cambridge Univ. Press, 1999.

REFERENCE BOOKS

A. General

Liou, K.N. An Introduction to Atmospheric Radiation (second edition).
Academic Press, 2002.

Goody and Yung. Atmospheric Radiation (second edition). Oxford, 1989.

Bohren, C.F., and E.E. Clothiaux, 2006: Fundamentals of Atmospheric Radiation.
Wiley.

B. Radiative transfer

Menzel, D.H. (ed.) Selected Papers on the Transfer of Radiation. Dover, 1966.
Chandrasekhar, S. Radiative Transfer. Dover, 1966.

Mihalas, D. Stellar Atmospheres. Freeman, 1978.

Kourganoff. Basic Methods in Transfer Problems. 1950.

C. Single Scattering

van de Hulst, H.C. Light Scattering by Small Particles. Dover, 1981.

Bohren, D.F., and D.R. Huffman. A4bsorption and Scattering of Light by Small Particles.
Wiley, 1983.

Hansen, J.E., and L.D. Travis. "Light Scattering in planetary atmospheres" Space
Science Reviews, 16, 527- 610 (1974).

McCartney, E.J. Optics of the Atmosphere. Wiley, 1976.

D. Applications

Paltridge, G.W., and C.M.R. Platt. Radiation Processes in Meteorology and
Climatology. Elsevier, 1976.



These books will be on reserve in the Engineering Library for Atmos. Sci. 533,
Autumn Quarter 2013.
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Atmospheric Radiation. Wiley.
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Academic Press, 2002. '
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JOURNALS

Journal of Quantitative Spectroscopy and Radiative Transfer
Astrophysical Journal

Journal of the Atmospheric Sciences

Applied Optics

ASSIGNMENTS
homework problems (60%)
computer project (30%)

class participation (10%)

Applications

reflection, transmission and absorption of light by clouds, snow, and aerosols
solar albedo of clouds and surfaces

microwave and infrared emissivity of surfaces

radar reflectivity of raindrops and hailstones <

remote sensing of Earth's atmosphere and surface by reflected solar radiation
Earth radiation budget: problems of sampling in time and angle

climatic effects of aerosols

parameterization of solar radiation in the atmosphere



Detailed list of topics
A. Multiple Scattering

1. Introduction
Definition of terms: absorption, emission, scattering, incoherent radiation,
plane-parallel atmosphere, direct problems and inverse problems
2. Radiative transfer equation
Absorption coefficient, optical depth, transmittance, mean-free-path, scattering
coefficient, emission coefficient, source function, phase function
Examples of phase functions
Single-scattering albedo, examples
Examples of source function S
3. Formal solution of 7.z.e.: solution of intensity in terms of source function
4. Plane-parallel form ofr.t.e.
Solutions of emergent intensity for specified source functions
Limb brightening, limb darkening
5. Azimuthally-averaged r.t.e.
6. Milne’s integral equation for source function
Exponential integrals
Iterative solution of integral equation (order-of-scattering series)
7. Monte-Carlo method; assign project.
8. Representation of anisotropic phase functions inr.t.e.
Examples of phase functions for molecules, aerosols, cloud droplets
Polynomial expansion of phase function
Moments of phase function
Henyey-Greenstein phase function
9. R.T.E. for plane-parallel atmosphere illuminated by dire& solar beam
Sign of L
Separation of direct and diffuse intensity
Average over azimuth
Polynomial expansion of azimuthally-averaged phase function
10. Two-stream method
Backscattered fraction, relation to asymmetry factor
Derivation of two-stream equations
Examples of results
11. Eddington method for multi-layer atmosphere -
12. Phase-function truncation
Delta-Eddington method
Delta-M
13. Doubling method
14. Discrete Ordinates Method



B. Single Scattering

L.

e

o

Review of electromagnetic theory
Coulomb’s law, electric field, Gauss’s law, dipole moment, polarizability,
polarization, electric displacement, electric susceptibility,
permittivity, dielectric constant
Magnetic field, Biot-Savart law, current, magnetization, bound currents,
displacement current, magnetic susceptibility, magnetic permeability,
conductivity
Maxwell’s equations
EM wave solution to Maxwell’s equations
Complex relative permittivity, complex refractive index
Energy stored in EM field, energy transported by EM field
Polarized light
Reflection at an interface
Theory of optical constants: frequency-dependence of permittivity and conductivity
Examples of optical constants; variation with wavelength
Rayleigh scattering: derivation of dependence on wavelength, angle, polarization

. Mie theory

Outline of derivation
Methods of computation
Heterogeneous particles; mixing rules
Results of Mie theory: examples from van de Hulst, Hansen & Travis

. Nonspherical particles; representation by "equivalent spheres"
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In general, radiance 7 can depend on ¢
location (x,y,z)

angle (0,0)
time (t).

In the atmospliere and ocean, we assume I is independent of ¢ ("steady") during the time it
takes for a photon to transit the atmosphere. :

We often assume 7 is independent of x,y ("plane-parallel”, "horizontally homogeneous"),
because in a planetary atmosphere I varies much more rapidly with z than with x,y.

The dependence is thus reduced to I(z, 6,¢).

For thermal infrared radiation we can also usually assume that 7 is independent of ¢
("azimuthally symmetric"). This approximation is also valid for solar radiation below
or within a sufficiently thick cloud. In this case we have Iz, 0) or I(z, 1), where
M =cos 6

The special case of J independent of (6, ¢) is "isotropic".



Interaction of Radiation with Matter (ATMS 533)

Working definitions:

1. Absorption: A photon is destroyed. Its energy is distributed by collisions into other
forms of energy (vibrational, rotational, etc.). The frequency of subsequently emitted
radiation is independent of the frequency of the absorbed photon. [Assuming collision-
dominated; i.e. that frequency of collisional transitions is much greater than frequency of
radiation-induced transitions. This is the assumption of “local thermodynamic
equilibrium”.]

2. Scattering: The photon changes direction but not frequency.

3. Emission: A photon is created. The molecule emitting the photon loses internal
energy (vibrational, rotational, etc.) equivalent to the energy of the photon.

higher energy level
A A
absorption collisjonal
emispion excitgtion
collisjonal
de-exgitation
lower energy level v v
C

4. Extinction: All processes that remove photons from a beam of light. Extinction is
the sum of scattering-out and absorption.

5. A beam of light passing through a medium can be:
Depleted by scattering-out-of-the-beam and by absorption.
Augmented by scattering-into-the-beam and by emission.

NI v guveyury [RREEGE JUFE:
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L Radiative transfer equation for pure absorption (no scattering or emission)

I,U—————BY wedwm  |—s T +dI,

dl, =—o(v)I,ds (1)

The minus-sign indicates that the intensity decreases. The change in intensity d, is
proportional to the intensity I, (assuming that photons do not interact with each other)
and to the path increment ds. o{V) is the proportionality constant, the linear absorption
coefficient, with units m.

The dependence of dI, on the density of the absorbing material is contained within o,
It is often useful to write it this dependence explicitly, especially if density varies with s.
There are then three ways of writing (1), with three different kinds of absorption
coefficient:

dl, =—o(v)1,ds

ois the linear absorption coefficient (m™), used for bulk liquids and solids and also
generally.

dl, ==k, (V) p(s)1,ds
C
k,, is the mass absorption coefficient (mz/ g), used for gases; pis density (g/m3 ).

dl, =—k,(v)n(s)1,ds
k, is the absorption cross-section (m?/particle), used for aerosol particles and cloud

droplets. » is number-density (particles/m3 ). This form is also used sometimes for
gases, where k, is then the molecular absorption cross section (m*/molecule).



INTN
We solve the r.t.e. (1) by integrating over a finite distance from s; to s,:

Tnetdent Aanswitted
I6) _—-——>‘ j—————) T (5.)
| 5.

!

J‘% =— Iads (dropping the subscﬁpt v for simplicity).
This results in the Bouguer-Lambert law of absorption:

I(s,)=1I(s,)exp {—sj‘ads} . )

S

The exponent (without the minus-sign) is called the optical depth 7(sometimes written &),
Tvaries with v because ¢ varies with v:

S]'O'(V)ds

5

T,(5,8,)=

For a gas, o=k,,p, so

7,(5,5,)= [k(s)p(s)ds, or  dr,=k,pds.

51
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Radiative Transfer Project (from Prof. Gary Thomas, Univ. Colorado)

This problem is a computer exercise that is designed to teach several things:

(1) it emphasizes the statistical nature of radiative transfer; (2) it helps to relate the
elementary RT concepts, such as scattering cross-sections, to the integro-differential RT
equation; and (3) it introduces the student to a modern technique for obtaining
approximate, but accurate, solutions.

Solve the following problem by a Monte-Carlo method. A beam with flux 71, (normal to
the beam) is incident onto a plane-parallel slab at zenith angle ,= 60°. The slab scatters
isotropically and conservatively. The total vertical optical thickness is 7%=2; i
L=1.0 WmJ2sr.

(a) Plot successive approximations to the source function: S,(T), S1(7), S2(7), . . ..
(b) Obtain the reflected and transmitted diffuse intensities as functions of @ (or ) by
counting the photons exiting the medium into each angular bin. [The "diffuse" intensity
excludes the directly transmitted beam.]

(¢) Compute the intensity /(6) by integrating the source function over 7, to verify
consistency with (b).

(d) Obtain the ‘exact” solution for the intensity using X- and Y-function tables by
Sobouti in Eq. 16 on page 211 of Chandrasekhar (supplemental pages provided) and
check your results. They should lie within the "statistical error”, which you should define
carefully. )

(e) Time permitting, run your program for a different set of conditions. [If you use a
non-isotropic phase function, you will need to incorporate an additional angle ¢, and this
will increase the computer time required to achieve comparable accuracy.]

Use a random-number generator available as a utility subroutine on the computer. Find
out how the numbers are generated and how ‘random’ they actually are.

For your debugging runs, 1000 photons should suffice for determining whether your
answers are reasonable. Use 10° photons or more for your ‘production’ run.

Your writeup should include not just the results but also
- a description of the algorithms
- explanation of the results

References:

House, L, and Avery, L, 1969: The Monte-Carlo technique applied to radiative transfer.
J. Quant. Spect. Rad. Trans., 9, 1579-1591. Available at
http://www.atmos.washington.edu/~sgw/Papers_for class/HouseAvery1969.pdf

Cashwell, E.D., and C.J. Everett, 1959: A Practical Manual on the Monte Carlo Method
for Random Walk Problems. Pergamon Press, 153 pp. On reserve in Engineering
library for this class.
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CHANDRASEKHAR’S X-, Y-, AND RELATED FUNCTIOQNS*

YOUSEF SOBOUTI
Yerkes Observatory
Received August 29, 1962

ABSTRACT

Chandrasekhar’s X- and Y-functions and four additional functions derived from them have been
uabulated for the values of optical depth in the range 0.1-3.0, the values of albedo in the range of 0.10-1.00,
and the values of argument u in the range 0-20.

I. INTRODUCTION

Chandrasekhar’s X- and Y-functions are encountered in the study of multiple scatter-

ing of light by optically finite atmospheres. For isotropic scattering they satisfy the
following simultaneous integral equations:

xip) =1+*“"f01£:,?[2€(u>xw)+ Y(w)¥ ()l 8
and ) v
V(w) = et hus [ L P(NX W) —XW TGO, @

where 7 is the optical depth of the atmosphere, @ is the albedo of scattering, and g is
the cosine of the angle between the normal to the plane of the atmosphere and the direc-
tion to which the scattered or transmitted radiation refers. _

In the study of scattering and transmission of fluorescent radiation from planetary
atmospheres (Chamberlain and Sobouti 1962) we encountered the X- and Y-functions
with arguments greater than unity, which were defined to satisfy the same equations
(1) and (2) as do the X- and Y-functions with arguments less than unity. In considering
the coupled fluorescent radiation (Sobouti 1962), we introduced two pairs of &- and
{-functions defined as follows:

1 u!
E*(u)=%nmfo %—%;,)-du’ @
d
i g_i( _ A Y(F") ’
B) = %uwfo . du'. @

In the present work we tabulate the functions X, ¥, gt, and ¢* for arguments p both :

smaller and greater than unity.
Some tabulations of X- and V-functions, for ¢ < 1 and for certain values of 7 and

3, have been published by Chandrasekhar, Elbert, and Franklin (1952), Chandrasekhar

and Elbert (1952), and Mayers (1962). The plan of this project, however, is to present

somewhat less accurate data than the first two works mentioned above (only four figures

compared with five figures of Chandrasekhar et al.), but to cover larger ranges of optical

depth and albedo. -

_ Computation has been done on an IBM 1620 computer and the program was written

in Foréran language.

II. COMPUTATION OF X- AND V-FUNCTIONS FOR 4 < 1

This part of the program, which is the most essential of the lot, was carried out by
an iteration process. An account of the procedure is given in Radialive Transfer by

* The research reported in this paper was supported in part by the National Acronautics and Space
Administration through rescarch grant NsG 118-61. %
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Chandrasckhar (1950, p. 202, which hereafter, for brevity, will be referred to as “R.T RN
Each itcration was corrected by means of formulas (124) and (126) of R.T. (p. 204)
before proceeding to the next higher iterate. These corrections proved to be exceedingl):
efficient in making the iterations converge rapidly.

The succession of iterations was interrupted whenever the difference between two
consecutive iterates of X (1) became less than 10~* On the basis of this criterion for
terminating the computations, we might expect our data to have an accuracy of 10~4
throughout the ranges of the parameters g, , and @. This accuracy was achieved for
small values of 7 and @ with as few as three iterations; for large values of r and @, as
many as seven iterations were needed. To economize on time, lower-order iterates were
computed with less accuracy than the higher ones. That is, for the lower-order iterates
the integrals were approximated by summations of either 5 or 10 terms, for the higher:
order iterates, the summations had 25 terms.

The integrand of equation (2), the defining equation for ¥ (u), is indeterminate for
p = p'. To find the value of the integrand at p = ', a second-order interpolation for-
mula was employed. The integrand was then obtained from three points preceding and
following the point u = 4. o

The X- and Y-functions for the conservative case.—It is well known that solutions of
equations (1) and (2), corresponding to @ = 1, are not unique. We have chosen those
solutions which give the correct expressions for the scattered and transmitted radiations
in an actual physical situation. The method of obtaining such solutions is developed by
Chandrasekhar (R.T., pp. 212-214). These solutions were calculated from equations
(5)-(7) below, once “a solution’ of X and ¥ was known:

X(u) = X'(u) + QuiX'(s) + V'(w)] @

() = V() — QulX'(w) + V'] - ©
Here X’(u) and ¥Y'(r) are any solutions of equations (1) and (2) and

and

=1 TJg_ 1
Q‘a’;+5,[ﬁ° §(a;+ﬁ;)r+2(a;+ag)]' “

where a, and 8. are the moments of X’(u) and ¥’(u). This expression for Q is derived
from equations (25), (26), (43), and (46) of R.T. (pp. 212-215). We have also made use
of the fact that in the conservative case the quantities X(u) 4+ Y (u) and a, + Ba are
invariants of equations (1) and (2) (see Chandrasekhar et al. 1952).

It was found that, for r < 1.5, the X(u) and ¥ (u) calculated from equations (5) and
(6) were the same as X’(u) and ¥’(u) which were obtained by our previously described
method. For = > 2, however, the difference between the primed functions and the un-
primed functions extended to the third decimal figures. ’ :

III. COMPUTATION OF &- AND {-FUNCTIONS

The functions £+(x) and {+(u) for all values of u and £ (x) and ¢{—(u) for u > 1 were
computed directly from equations (3) and (4) by numerical integrations. When u < 1,
however, these equations for £~(u) and {~(u) contain singular integrands. These func-
tions were then computed from the following equations, which are equivalent forms of
equations (3) and (4): ' :

—(u) = (1 t_au
£ () = = }uod X (w)log (# 1)+fo

p—u

(X(w) -XH1} @
and

$~(p) = —%#EgY(n)log(%—1)+£1#'ﬁ" [y(,‘)_y(#/)]}, ®

u
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The integrands in equations (8) and (9) are no longer singular but are indeterminate at
u = w'. This indeterminacy was dealt with in the same manner as the indeterminacy
of the Y-equation.

IV. COMPUTATION OF X- AND Y-FUNCTIONS FOR & > 1

These functions were calculated from the following forms of equations (1) and (2), .

once & and {-functions were known:
X(p)=14+X(p)Er(u)+Y(p)t(p) 10)
Y(p)=e"4+V(p)é(p)+X(u)(u). an

V. MOMENTS OF X- AND V-FUNCTIONS
These moments are defined by the equations 4

and

¢n=f X(p)urdp (12)
0 ) (v}
and ;

B,.=_/:1Y(u)#"dy- | ' 13)

Moments of order zero, 1, and 2 were integrated numerically and are listed in Table 2.
The present tables of X- and Y-functions and their moments overlap with those
published previously and may be checked against them.

VI. A TEST OF THE ACCURACY OF THE COMPUTATIONS

Sobouti (1962) has derived the following equation relating the four functions &(u)
and {*(u): .

E*(#)+E‘(u)-E*(#)E'(#)+§'+(#)§"(#)+9-2£Inl—i'——_i-_—”-|=0. "y
I

This equation was used to check the computations. Column 8 of Table 1, which bears
the heading “E(.107%)"” is the left side of equation (14) multiplied by 10*. This column
might be considered as an indicator of the magnitude of error committed in the computa-
tion of X, ¥V, £*, and {*. Most of the entries in column 8 had E < 10~* and have not
been listed. The value of E corresponding to p = 1.02 is always very large. This is caused
by the large errors in £~ (u) and {—(p), which have singularities at u = 1. In any case,
not much significance may be attached to the values of functions at g = 1.02.

Another test is provided by the moments of X- and ¥-functions. In the conservative
case, @ = 1, the expression ag 4+ B9 has the value 1.9999 for all values of r, in agreement
with the theoretical value of ag + o = 2.

I am indebted to Dr. J. W. Chamberlain for his continued interest and guidance in
the course of this project.
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329 Simulate the experiment described in Exercise 3.28 by marking six marbles, or coins, so
that two represent defectives and four represent nondefectives. Place the marbles in a
hat, mix, draw three, and record Y, the number of defectives observed. Replace the marbles
and repeat the process until a total of n = 100 observations on Y has been recorded.
Construct a relative frequency histogram for this sample and compare it with the popula-
tion probability distribution, Exercise 3.28.

£330 The sizes of animal populations are often estimated by using a capture-tag-recapture
method. In this method k animals are captured, tagged, and then released into the popula-
tion. Some time later n animals are recaptured, and Y, the number of tagged animals
among the n, is noted. The probabilities associated with Y are a function of N, the number
of animals in the population, and the observed value of Y contains information on this
unknown N. Suppose k = 4 animals are tagged and then released. A sample of n =3
animals is then selected at random from the same population. Find P(Y = 1)asa unction
of N. What value of N will maximize P(Y = 1)?

3.6 The Poisson Probability Distribution

Suppose that we want to find the probability distribution of the number
of automobile accidents at a particular intersection during a time period of 1
week. At first glance this random variable, the number of accidents, may not
seem even remotely related to a binomial random variabl‘e, but we will see that
there is an interesting relationship.

Think of the time period, 1 week in the example above, as being split up
into n subintervals, each of which is so small that at most one accident could
occur in it with probability different from zero. Denoting the probability of an
accident in any subinterval by p, we have, for all practical purposes,

P(no accidents in a subinterval) =1 — p
P(one accident in a subinterval) = p
and P(more than one accident in a subinterval) = 0

Then the total number of accidents in the week is just the total number of
subintervals that contain one accident. If the occurrence of accidents can be
regarded as independent from interval to interval, the total number of accidents
has a binomial distribution.

Although there is no unique way to choose the subintervals, and we
therefore know neither n nor p, it seems reasonable that as we divide the week
into a greater number n of subintervals, the probability p of one accident in one
of these shorter subintervals will decrease. Letting 4 = np and taking the limit
of the binomial probability p(y) = G)p’(1 — py'*~’ asn — o0, we have

* Exercises preceded by an asterisk are optional.
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o .o A y Aa\n—
lim (") /(1 — py~? = lim nn—1)-(—y+1 (ﬁ) (1 - i) ’
n—~a\Y n—®© y' n n
Ay u — - o p— -
=1imi(1—5) nn—1)--(n y+1)(1._§)v
ey n n’ n
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=i,um(1_i)(1-£) (l_%_z)...(y 1)
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Noting that lim (1 - %) =e*

@)

n— o

and all other terms to the right of the limit have a limit of 1, we obtain

A)’

p(y) =€
y:

A

(Note: e =2.718 ... .) Random variables possessing this distribution are said
to be Poisson random variables. Hence Y, the number of accidents per week,
should possess the Poisson distribution given above.

The convergence of the binomial probability function to the Poisson
is of practical value, because the Poisson probabilities can be used to approx-
imate their binomial counterparts for large n, small p, and A = np less than,
roughly, 7. Exercise 3.37 will require the calculation of corresponding binomial
and Poisson probabilities and will demonstrate the adequacy of the approx-
imation.

The Poisson probability distribution often provides a good model for
the probability distribution of the number Y of rare events that occur infre-
quently in space, time, volume, or any other dimension, where 4 is the average
value of y. As we have noted, it provides a good model for the probability
distribution of the number Y of automobile accidents, industrial accidents,
or other types of accidents in a given unit of time. Other examples of random
variables with approximate Poisson distributions are the number of telephone
calls handled by a switchboard WW&' radioactive D

( particles that decay in a particular time peWhe number of errors a
typist makes in typing a page.

N ]

\ Poisson Probability Distribution

. Ao, A |
\ P()’)’-‘-yje , y=0,12,... ' 1
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S Up()\e M‘\Wy notes

For ATMS 533 Monte-Carlo project:

Computation of reflected and transmitted intensities from the X and Y functions is given
by Chandrasekhar (Ch):

for <1 on page 211, eq. 16
for =1 on page 213, eq. 27.

These two equations are related by Sobouti's equations 5 & 6. If Sobouti's (5,6) are

inserted into Ch (16), then Ch (27) results. The values tabulated by Sobouti for w=1 are
therefore to be used in Ch (16).

In summary, take values of X and Y from Sobouti's tables and put them directly into

Chandrasekhar's Eq. 16. p

In the statement of our problem (notes, page 40) we specify the flux normal to the beam
as ml,; Chandrasekhar calls this flux =F.

RADIATIVE
TRANSFER

BY
S. CHANDRASEKHAR
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UNIVERSITY OF CHICAGO

1950
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ATMS 533 Notes by Stephen Warren

1. Representation of anisotropic phase functions in the radiative transfer equation
1.1 Polynomial expansion of the phase function
1.2 Moments of the phase function
1.3 Henyey-Greenstein phase function

2. R.T.E. for plane-parallel atmosphere illuminated by direct solar beam
2.1 Signofp
2.2 Separation of scattered and direct radiation ¢
2.3 Averaging over azimuth
2.4 Polynomial expansion of azimuthally-averaged phase function

3. Two-stream method
3.1 Backscattered fraction; relation to asymmetry factor
3.2 Derivation of two-stream equations, including direct beam
3.3 Solution for diffuse incidence
3.4 Examples of results
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DIFFUSE RADIATION IN THE GALAXY

L. G. HENYEY AND J. L. GREENSTEIN?

Little information concerning the nature of the phase function for interstellar scatter-

ing is now available. We have carried out our computations, using a phase function of

the form

®(a) = piC it §) : (2)

AT (1 + g2 — 2g cos a)3?"’

The phase angle is a, defined as the deviation of the ray from the forward direction;
v is the spherical albedo; the parameter g measures the asymmetry of the phase function,

according to the expression

vg = [®(a) cos a dw . (3)

For g = o we have an isotropic distribution of the scattered radiation; for g = +1 all
the radiation is thrown forward. A representation of the cases g = +3% and g = +3,
with 4 = 1, is given in Figure 3. Such forward-throwing functions resemble those com-

F16. 3.—Polar diagram of the phase function of equation (2), for ¥ = 1. The more elongated curve
is for g = +3%; the other, for g = +3. The radiation is incident on the particle from the left, as shown

by the arrow.

puted on the basis of the Mie theory for particles whose radius is near a wave length. If
the sign of g is negative, we have backward-throwing phase functions of the same form
as those in Figure 3. Suitable combinations of forward and backward phase functions

of the form of (2) can also be used.
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Backscattering Approximations and their Influence on Eddington-Type Solar Flux
Calculations

R. M. Welch and W. G. Zdunkowski

Institut fir Meteorologie, Johannes Gutenberg-Universitit, D 6500 Mainz

(Manuscript received 04.06.1981, in revised form 21.09.1981) {982

Vi Summary and Conclusions

Difficulties in solving the RTE by approximate methods may be traced to the fact that the highly
asymmetric phase function cannot be represented by polynomials of low order. However, it has been
demonstrated during the last decade that reasonably accurate values of radiative fluxes can be obtained
using relatively small numbers of expansion terms. The primary purpose of the present paper is to give
some details of this behavior.

This is accomplished using expansions of backscattering coefficients f, and B(uo) in conjunction with the
recently unified treatment of two-stream radiative transfer methods developed by ZDUNKOWSKI et al.
(1980) and MEADOR and WEAVER (1980). The contributions by each term in the (o) expansion are
(3C1/2,7C3/8, 11Cs/16, ...), while contributions by each term in the Bo expansion drop off very quickly
as (3C,/4,7C;3/64, 11C5/256, ...) with increasing order of expansion (§)- Therefore, very few terms are
required for accurate values of B,, while higher order expansions are required for accurate values of f(u,).
The quantity B, determines the scattering field in optically thick atmospheres, while B(uo) controls the
scattering field developing at cloud tops and in optically thin atmospheres. The reason why radiative
transfer methods produce relatively accurate flux values with low orders of expansion is that the back-
scattering coefficients approach their asymptotic limits very quickly with increasing order. Errors in the
values of B(uo) generally are larger than those for f, ; however, these errors have negligible effect in optically
dense media.

The Henyey-Greenstein approximation has identical values for the C, phase function expansion term,

with increasingly divergent values at higher orders of expansion. However, since the contributions from
higher order terms to 8, decrease so rapidly, the HG approximation produces excellent values of radiative
fluxes in optically thick atmospheres; because contributions from higher order terms to B(uo) decrease
more slowly, the HG approximation produces less accurate values in optically thin atmospheres.

For asymmetry factors with g <0.5, both 8, and B(u,) are very near their asymptotic limits even for the
j= 0 order of expansion. It is for this reason that the two-stream methods produce accurate fluxes for such
values of g. B(1) becomes very small for g =0.6 and negative for g > 2/3 in the Eddington method. For
such values of g, such two-stream methods may produce negative (nonphysical) values of upward flux and
values of downward flux larger than those incident to the medium.

At larger solar zenith angles the j = 0 expansion (two-stream) produces poor but at least positive estimates
for B(uo), even for large asymmetry factors. However, the approximation to B(u,) rapidly improves for
i> 1, especially for large values of u,.

The preceeding analysis shows how various orders of expansion, asymmetry factors, optical thickness, and
solar zenith angles effect resulting values of diffuse radiative fluxes. Therefore, paradoxical and even non-
physical behavior previously reported in the literature is seen to be a consequence of the various approxi-
mations to backscattering coefficients.
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Reflection of solar radiation by the Antarctic snow surface
at ultraviolet, visible, and near-infrared wavelengths

Thomas C. Grenfell and Stephen G. Warren

Department of Atmospheric Sciences, University of Washington, Seattle

Peter C. Mullen!

Geophysics Program, University of Washington, Seattle
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Figure 4. The observed spectral albedo for diffuse incident
radiation versus wavelength for January 23, 1986, near South
Pole Station [(o) = 0.83]. The error bars show the standard
deviation of three scans. Where they are not shown, the
standard deviation is smaller than the height of the symbol. The
solid lines are model results for a homogeneous layer with a
grain radius of 100 um [(o) = 0.81] and for a two-layer model
with a 0.25-mm thick layer of 30-pum grains over a thick layer of
'100-um grains [(o) = 0.83]. NOAA's average albedo for. this
day was (o) = 0.839.
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~ Figure 8. Observations of the ratio of diffuse to total (D/T)

radiation under clear sky conditions. Results of Kuhn [1985] are
included for reference. Station elevations are as follows: South
Pole, 2835 m; Vostok, 3488 m; Siple Station, 1054 m. We
apparently used a smaller shade than did Kuhn, so we measured
a larger fraction of diffuse radiation. '
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For isotropic scattering, g=0, and So for conservative scattering
T I

the flux is not depleted exponentially. This is a famous result obtained by
Schuster in 1905.

Equations 42 and 43 were derived for diffuse incidence. For direct
incidence, Coakley and Chylek derived equations for the albedo and trans-
mittance of a non-absorbing cloud as functions of solar zenith cosine pi:

7' (1-g)
20 +7(1-g)

_ 24,
and #(u,)= Trr g (44)

r(iy) =
(Coakley, J.A. Jr., and P. Chylek, 1975: The two-stream approximation in
radiative transfer: including the angle of the incident radiation. J. Atmos.
Sci., 32, 409-418.)

Eq. 44 reduces to (43) for 8,=60°. It is quite accurate, so it is a very useful
approximation for clouds at solar wavelengths.

Eqgs. 42, 43, and 44 show that the relevant variable for determining albedo of
a nonabsorbing cloud is T (1-g). This has been called a "scaled optical
depth". For example, a typical marine stratocumulus water-cloud with
g=0.85 and T =20 will have scaled optical depth =3. So a real cloud with
g=0.85 and T =20 will have the same albedo as an isotropically-scattering
cloud with T'=3.
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Numerically stable aIgdrithm for discrete-ordinate-method
radiative transfer in multiple scattering and

emitting layered media

Knut Stamnes, S-Chee Tsay, Warren Wiscombé, and Kolf Jayaweera

We summarize an advanced, thoroughly documented, and quite general purpose discrete ordinate algorithm
for time-independent transfer calculations in vertically inhomogeneous, nonisothermal, plane-parallel me-
dia. Atmospheric applications ranging from the UV to the radar region of the electromagnetic spectrum are
possible. The physical processes included are thermal emission, scattering, absorption, and bidirectional
reflection and emission at the lower boundary. The medium may be forced at the top boundary by parallel or
diffuse radiation and by internal and boundary thermal sources as well. We provide a brief account of the
theoretical basis as well as a discussion of the numerical implementation of the theory. The recent advances
made by ourselves and our collaborators—advances in both formulation and numerical solution—are all
incorporated in the algorithm. Prominent among these advances are the complete conquest of two ill-
conditioning problems which afflicted all previous discrete ordinate implementations: (1) the computation
of eigenvalues and eigenvectors and (2) the inversion of the matrix determining the constants of integration.

Copies of the FORTRAN program on microcomputer diskettes are available for interested users.

I. Introduction

The discrete ordinate method for radiative transfer
is commonly ascribed to Chandrasekhar.! Computer
implementations of that method were, however,
plagued by numerical difficulties® to such an extent
that researchers made little use of it. The purpose of
this paper is to alert the community to a new numerical
implementation of the discrete ordinate method for
vertically inhomogeneous layered media which is free
of these difficulties and to give a summary of its equa-
tions and its various advanced features. The resulting
computer code represents the culmination of years of
effort®9 on the part of ourselves and our collaborators
to make it the finest algorithm available. Our intent is
that the code be so well documented, so versatile, and
so error-free that other researchers can easily and safe-
ly use it both in data analysis and as a component of
large models. '

Knut Stamnes is with University of Tromsg, Institute of Mathe-
matical & Physical Sciences, Auroral Observatory, N-9001 Tromsg,
Norway; W. Wiscombe is with NASA Goddard Space Flight Center,
Greenbelt, Maryland 20771; the other authors are with University of
Alaska—Fairbanks, Physics Department & Geophysical Institute,
Fairbanks, Alaska 99775-0800. '

Received 7 August 1987.
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The problem to be solved is the transfer of mono-
chromatic radiation in a scattering, absorbing, and
emitting plane-parallel medium with a specified bidir-
ectional reflectivity at the lower boundary. Section II
summarizes the equations and boundary conditions.
Section III discusses the numerical implementation of
the theory, in particular, (a) how to compute eigenva-
lues and eigenvectors reliably and efficiently and (b)
how to avoid fatal overflows and ill-conditioning in the
matrix inversion needed to determine the constants of
integration. Reference 9 provides a more detailed
account as well as documentation, test problems, and a
listing of the FORTRAN code.

l. Theory

A. Basic Equations

The purpose of this section is to present the basic
radiative transfer formulas with a minimum of defini-
tion and explanation to establish notation and conven-
tions. (For more comprehensive discussions of the
subject, the reader is referred to textbooks!1% and re-
view articles.!1-15)

The equation describing the transfer of monochro-
matic radiation at frequency » through a plane-parallel
medium is given by?!

du,(7,,1,9)
e B

=u,(7,.,0) — S,(1,.4,0), (1)
dr .




l

[\

.\.A' National ®Brand

YE—VL Me’h«oo(_J (A WJ(AEJ\&A ok X—u&(u\ﬂm>

Teoncahon of phate fadhan for we vn DO, doobling

wefhod s whee M & e wumdres o € T\JGJ(?C‘\N"Q porns

Py hawisp T el Wiscombe BTF IAS 3% 1908

G’XPMG* \o\'\age ‘A/vkq\a\/\ as a nes (5@ LQ%AAJY‘Q PDLL/AO\M\;J; >,
N

‘P(Los @\ P~ § ('LV\‘*‘) /Xn Pp\ ((03 9)

Wit fuls vy e Kot foa oy of P wrt, Legender psty

N~ momsnt = { {l P (0s9) Pn(ws@) A((osé‘)

-\

g %J\P(u\?,(u\Au = a3 (wed X, 1i; = X
O And mavends X, of Pha frue pl«aszﬁndin) no .o N
upte NOZM, whar 2M U Ha wundy of ?.mdlm(_wt poindls

(M in eadn howis phare). \
© Dehia am appvoximae  phase kvhinn P st whuehs

Conting a §- »pw‘t
M—\

Py 26 F(-w) + (=) = D) %0 P L)
e M5 o nowbes of  guadatve poiks S hemisphat
M= n=0, 2-sheaun, (o €AdngTon)

M= w=01773 4~ Sheau~

phowtady




|

.‘\r.Nallonal ®Brand

| ! 37)

@F\M va\jjo)op*

\ ) 2M-1
= 1] 24T 0P wdn 1 yM[g (zw\)%’"&,(u)‘} P (u) du

\_’_—/’-\,—\___/

P.y=) \—W—\*)
3 f) (Y () =0 v wFm

=X () B mE

)

£ "

)

v N

~E$+ O-F) XS ow

® Roquie ot low-odt weomants of P¥ watel those of P

¥ X~
X, = = A 20 o -
;o K ( r M

’@ = O(u/\ ’GN m 2 -lM, {reca(( f)lzﬁl—}g» bs é_-Qo\olﬁAg‘ﬁv\)

Non = £+ (—F)XE

ovd wecauR T wmae Gnparfant o gef  low - odde wianesds ot
W\,\,\%\,\_W wkowua/mfx) MW%%MW

("“u 4331' < ;E). Tz X decwvease  wfn woreanng wm

y
So £ is swmalle as the  wowby of guadmiat poinfs et

() v & o alled wkadly as o J-€ddingtoa

' = (\-af) dn &' = —F D

/\\/\Jt'/g AL\‘-Q/KW\\;V\O_S -é V\W\\JV\\\?\%Q,QV_ F—i\/- w&(ﬂwcy M/';)(’I/\ J\-\Golo(l:/?"\kq

D
|




171

177

178

179

180

182

183

184

185

186

189

ATMS 533 notes

Cloud optical properties

Cloud optical depth:
computation from liquid water content and dropsize distribution.

Single-scattering quantities for cloud
Single-scattering quantities for snow
Cloud spectral albedo

Snow spectral albedo

Cloud liquid water content

Cloud effective radii res

Cloud res and t*

Reduction of cloud albedo by contaminants
Cloud shortwave albedo

Effect of CCN number on cloud albedo



@

TC(NO\ of‘}\cd A@ﬂ (Uw\ow(*qi\c\/\ famn L%ud v»nm

W(mes\u’ Wb Jhon W,

_ ‘ ‘ . Ohndin cas-wdan Cog
D{{M W"\‘Md\w\ C‘:)c(c(ei/\uj @Wf = ?\f Cruss ~Rehs - W‘L

So C,%‘t = WIQqu (IS QMQ = ¢ Fnn Mie Wory.
Qet > 2 HBr ™)
o ( f/ 7 AN
Ophéad deptle T= |G dv = ) @+ 0 ) d2
6\0,,& = e efnchar et (W\“>
G%t = Ce,xt N

what Coe = wrhnchin tnsl-sechan (M / porkit )
= wowbes —densihy (?‘”"\‘L&l / wm3)

% - «
So  (pd has v 7";—-3— & Ccross~honad  acen MUMM

S T = g();“th—. _SC%NA% = XQ@,&TWIN dx (i)

W

- I
Twis 5 Ror & vaoAxs‘erS\M ,

RBe a s dishi bihow ()

SQLM“"‘amcan.

wiaee fvx(r) dr = N — conhived —~



L

R

dmode £ /‘305/‘ H
/ %nean *135um

45() < /so.O/J m

Q
]
\

e, of oreps
=
I}

/

N

N

o v 4 L L ?&Eﬂ-l

0 5 10 15 20 25 Jo 35
Drop dameler um

I'1c. 5. --- Average drop size speetrum for the arctie stratus clouds,

Jaya weera, & Owtake | 19%3,
J. Rech, Atwos. T 139-207}.




Eor o S - dUhRL IR Wjﬂd&w v
"i-op o>
T [ gt ey ded @)

Now +o s»aqfl,‘qﬂj Yo Forwvla .

@Deﬁv\e some momands of Mo ¢ -dish, buhan -

m(r)d
nowlbts - mlane radwg f\r Y\(F)éi,r‘ = fr e
(average vadive) J nle)ae N

OCA~ Wty vad g f"‘ r* () de

_{r’* m(r)g

= H-ﬂ;géd\/?re radwg ! Qf( <3)

Qﬁt‘g{) - waoa~ fodus J}' re nae

IREEGY

W\oh Vtvm woan
L ‘/ e W,

/ WAASS  MUAOA~
w(r)




Ly wahe cnddend LWL &%)

Ve (0g 3= (0°gmm?

R 4
Lwe= N - 3Tr3p,
— ¢ \ el
povhides 9
w3 Po("kg,QQ

() d s AR lg o an

LwC= % P""T‘- f\’g v\((‘)“
@ S LwcC
o N ,‘%‘()wn‘ j\rl n(e) de

So 51]‘ r* niry) dec = 2 Lwe (+)

@  Assume y>dA 0 Qe FL

et PrY~

Al rf’*g( ('i ') ()w

froun G9)

(4)

(s)

©)

()



w2 st nn
P 00
Q(%}: 5 2 j ™ & r\(l‘,?:')A(‘ ol%l
z 2 )
d
w_flau'ﬁnm»(é))qwl assuwe (o )
cwstaut wath l'\w)ld"'
, 'h’f’
Ty) = 3 S Lwe (27) daf
2 Td(- ()w -

Twce s ophtad daghn measwed fowa Top f ovd downto lerel 2

Tre dotah ophicad Aickrass of The dovd, T* {5 o

!

Fop
s 3 — j Lwe () da
z ot
boﬂ'wu~
L/_\(\__J
(N8 a8 “
Twog ¢ The vahcally- 1wy Lw,

o “u‘%dd‘wwd-v pa:H,\‘ LWP, (3/“47-)

.. 3 _Ltwp parived by Shens (JAS  1938)
so | T 2

\Q% Pw o
T% - } QWP'QQ.,,{&
M(ﬁ’j) LwpP 8 On S e ) + Vof( .PNJ
Vot 5 40 mm ,
13 - -
o Pw = {0 g m 3 = \ 3 W-‘L/AM"\

So o cony ot LWP/ T¥  vonts \\MV*?FS&»Qy wal V\@F



[to

0000l 000€ 0001
! _

(z-w B) H1Vd H3LVM AIiNDIT ano1d

00€ 00} o€
1

L

-9°0

.80

1 ! |

o}

adno10 40 dOL 1V Oa3giv I14dISIA

M\.SN“JN\_ lv\Jqﬂo&\Y = _A b\/\\UU u;ﬁ N,*,_d.méll\wk\ﬁ\.b: =N
0=°Q PPN IPAT v meo prop buigaso e




6.9

~
28
| =2
o

0.9
0.92
6.999

9999
9999

9.999 999

15 APRIL 1984

EXTINCTION COEFFICIENT (km™)

vog bl e e
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
WAVELENGTH (um)
~
10° T T T T TTTTY T YT T T

fitcees rdf = SS/‘JM

sl

1—SINGLE SCATTERING ALBEDO

1077 ' il Lol ials TS T B UOEU e
[} o 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

WAVELENGTH (um)

J.ATMOS. SCi. 4l
) WISCOMBE, WELCH AND HALL -

1336 — 135§

3
%

5

o
°

ABSORPTION COEFFICIENT (km™)

jot baaw st aiii P Loy laaaadaaaadeaa bl

1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

0 5
WAVELENGTH (um)
1.00 prrrrr . EEmas e A RARAS RS RS s ss
d

98 b
E.‘Ib—
o
P_Q‘»
Q
<
W .}
>
0@
b= or
w
E,es—
>
U s |
<

s |

s b e ) R P e e Fecea

) s 1.0 15 20 25 30 3.5 40 45 50

WAVELENGTH (um)

FIG. 2. Mie computations as a function of wavelength for the normal (solid line) and large (dotted line) drop distributions. (a) Extinction
coefficient normalized to W/rg = 1/1500, where W is liquid water content and ry is effective drop radius. (b) Absorption coefficients
normalized to W = 1 g m™. (c) 1 — wo, Where wy is the single scattering albedo. (d) Asymmetry factor g.

In Fig. 2b, both distributions are normalized to have
the same water content W = 1 g m~>, or, equivalently,
the same volume. With this normalization, both curves
for absorption coefficient are practically identical in
the main part of the solar spectrum (0.2-1.5 pm).

If the surface-area normalization had been used in
Fig. 2b, the absorption curves would have separated
by more than an order of magnitude. Figure 2c, in
which the “co-albedo” or absorption-to-extinction-
coefficient ratio is plotted, shows this. (Since the ex-
tinction coefficient ~ 1 when -W/r.g = 1/1500, Fig.

2c is nearly a plot of absorption coefficient when both
drop distributions have equal surface areas.)

What Figs. 2a and 2b imply is that the shortwave
optical properties of a cloud cannot depend on just a
single moment of the drop distribution. Drop distri-
bution variability can only be accounted for if two
moments are known: namely, W and r, or W and
W/r.s. Knowing only one moment, say W, fixes the
absorption coefficient (almost independent of drop
distribution) from some relative of Fig. 2b; but the
extinction coefficient will be able to vary dramatically,
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FIG. 7. Spectral albedo as a function of wavelength (0.3-2.5 um) for two values of solar zenith angle. Cloud thickness is 2 km. The first
row shows values of spectral albedo, as would be measured by an aircraft immediately above the cloud; the second column shows these
values as they would be measured by a satellite. Solid and dashed lines are for normal and large drop distributions, respectively; dotted
line is for the clear atmosphere (with Rayleigh scattering). For further explanation see text.

reflected radiation passes through the ozone layer for
a second time.

The effect of adding very large drops to the drop
spectrum is far from uniform across all wavelengths.
It has its main effect in the aforementioned 1.5-1.8
um window, a somewhat lesser effect in the range 1.1-
1.35 um, and a still lesser effect near 0.95 um. Else-
where, it has practically no effect. In particular, in the

~ 7‘-’; P -~ -

2.0-2.4 pm region, there is a marked insensitivity to
drop distribution (Fig. 9).

d. Vertical heating rate

Finally, the vertical distributions of solar heating
are shown in Fig. 10, integrating the results given in
Figs. 8 and 9. For the overhead sun case, very large
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Figure 4. The observed spectral albedo for diffuse incident
radiation versus wavelength for January 23, 1986, near South
Pole Station [(&) = 0.83]. The error bars show the standard
deviation of three scans. Where they are not shown, the
standard deviation is smaller than the height of the symbol. The
solid lines are model results for a homogeneous layer with a
grain radius of 100 pm [{ct) = 0.81] and for a two-layer model
with a 0.25-mm thick layer of 30-ium grains over a thick layer of
100-um grains [(a) = 0.83]. NOAA's average albedo for this
day was (o) = 0.839.
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TABLE 1. Preliminary Estimate of Average Percent Sky Covers for Each of Six Cloud Classes for the
Northern Hemisphere Summer (S. G. Warren, private communication, 1984)
Cloud Type North Latitude
0-15 15-30 30-45 45-60 60-75 75-90

Altostratus/ .

altocumulus 31 - 19 20 30 27 30
Stratus/

stratocumulus 19 18 24 40 40 55
Nimbostratus 5 3 4 8 11 16
Cumulus 15 12 9 6 4 2
Cumulonimbus 9 6 4 6 6 3

These preliminary values may differ somewhat from the more accurate values that will be

available on completion of the cloud climatology.

Hemisphere since Southern Hemispheric data are
not sufficiently complete for detailed calcula-
tions. However, the available data suggest
little difference exists between the hemispheres
in total liquid water.

In order to convert this information to liquid
water mass, it is necessary to have the
geographic area which corresponds to the given
percent sky cover, and the mean liquid water mass
per unit area for each of the cloud types. The
latter quantity is determined from estimates of
the mean cloud 1liquid water concentration and
depth of the various cloud types. The geographic
areas employed are determined by assuming that
the percent sky cover is equivalent to percent

ground cover. Sky cover will actually be
somewhat larger than ground cover to the extent
that sides as well as bottoms of clouds near the
horizon contribute to the sky cover a seen by the
observer. However, this projection bias will
only be appreciable for convective clouds,
because of their large height-to-width ratio, To
compensate for this effect, an ad hoc reduction
of 0.8 has been made to the observed sky covers
of convective clouds (cumulus and cumulonimbus)
to obtain geographic extent.

The values of mean cloud liquid water con-
centration and depth are estimated from a litera-
ture survey. The values employed are listed in
Table 2. Only five cloud types are shown since

TABLE 2. Mean Cloud Thicknesses (AH) and Liquid Water Contents (LWC) Derived From a Literature
Survey
-3 -2 -2

Cloud Type AH, km LWC, g m Column Density, kg m SMMR, kg m
Cumulus 2.0 0.4 0.8 1.0
Cumulonimbus

Tropical 5.0 1.0 5.0

Trade wind 2.0 1.5 3.0

Midlatitude 2.5 1.5 3.75 1.6-8

Polar 2.0 1.5 3.0
Altostratus/

altocumulus 0.5 0.1 0.05 0-1.0
Stratus/

stratocumulus 1.0 0.2 0.2 0-1.0
Nimbostratus 3.0 0.1 0.3 0-1.0

The main references employed were Ludlum [1980], Mason [1972], Pruppacher and Klett [1978], Sartor

[1978], Spencer et al. [1983], Jeck [1983], and Churchill [1982].

Mean column densities (AHxXLWC)

derived from the survey data are also shown together with limited scanning multichannel
microwave radiometer measurements from Seasat and Nimbus 7 [Katsaros, 1983; Spencer et al., 1983].
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Comments on “The Effects of Very Large Drops on Cloud Absorption.

Part I: Parcel Models”

DEAN A. HEGG
Atmospheric Sciences Department, University of Washington, Seattle, WA 98195
29 April 1985 and 13 September 1985

TABLE 1. Values of r.g calculated from cloud-droplet spectra over
the size range 2-4500 um diameter obtained on 10 research flights
in the western portion of Washington State during 1984. Ranges of
values for a particular flight are based on at least six different in-
cloud samples. Each sample represents an ~400 m spatial average.

Date Cloud Johnson-Williams LWC Teg

(1984) type (g m™) (um)
4 January Sc 0.5 9-41
23 January Sc 0.2 6-21
25 January Sc-Cu 0.5 11-275
9 February Sc 0.3 5-23
13 February Cu 0.4 6-232
24 February Cu 0.4 13-51
18 April Cu 0.6 6-62
20 Apnl Cu 04 ~6
30 April Sc 0.5 ~7

10 May Sc 0.4 50-80
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TABLE 3. Composition of Stratocumulus Clouds Measured in the Eastern Pacific

Soot

Date Sample Concentration.* ng Liquid water.¥ Cloud

Taken g~' cloud water gm™? Fog.i pm depth.§ m I
June 30, 1987 23+ 14 0.30 7.8 240 14
July 2, 1987 79 + 47 0.28 6.3 365 24
July 7. 1987 <3 0.24 6.9 425 22
July 13, 1987 54 = 32 0.31 5.0 240 pad
July 16, 1987 2515 0.28 7.4 485 28

*Calculated concentration of soot in sampled cloud water: explained in more detail in section 4 of the text.

+Average cloud liquid water content during the sampling period. as measured by the Johnson-Williams probe.

tAverage “‘effective’” droplet radius. or surface-area-weighted mean radius [Hansen and Travis. 1974] during the sampling period.

$Approximate cloud depth: determined from visual in-flight observations of cloud base and cloud top.

' Cloud optical thickness r*: calculated from liquid water. ry. and cloud depth columns. and the appropriate extinction efficiency. Q.
(approximately 2.1 for these clouds). for the measured dropsize distributions.

determining absorption effects of soot within clouds or
snow. a substantial amount of variation exists in the prop-
erties of atmospheric soot itself. Factors which are not
usually directly measured. such as refractive index. shape.
and porosity, also will affect the absorption cross section and
therefore the effectiveness of soot particles at reducing cloud
albedo. These properties may be at least as important as the
internal/external mixture problem. and their uncertainties
should be kept in mind. As will become evident in section 6.
however, even a factor of S change in the absorption cross
section of soot is unlikely to substantially change our con-
clusion about the climatic effects of soot in clouds.

The radiative properties of clouds are controlled by the
size distribution of droplets. However, Hansen and Travis
[1974] showed that knowledge of the ratio of two moments of
the droplet size distribution, the surface-area-weighted ra-
dius or *‘effective radius,’” r.q. is usually sufficient to predict
extinction efficiency. phase function, and single-scattering
albedo. The effective radius was calculated and averaged for
each sampling period from the cloud droplet size distribution
measured by the FSSP probe and is given by

where M is the total number of size categories of the
Knollenberg FSSP probe and r; and n; are the surface-
area-weighted mean radius and the number of droplets per
unit volume, respectively, in the ith size category. Since
droplets with radii greater than about 30 um are not detected
by the FSSP, calculated r.4 values given in Table 3 may be
slightly lower than actual values (a point considered later in
the interpretation of our results). Droplet size distributions
used in the Mie calculations were taken to be almost
monodisperse at r.q, broadened just enough to average over
oscillations in the scattering efficiency (since r g alone de-
termines the effect of the droplet size distribution on single-
scattering albedo, w [Hansen and Travis, 1974)}). The refrac-
tive index, m, used for water at 0.475 um was 1.336-0.935 X
10~%, as given by Hale and Querry [1973]. All soot particles,
whether interstitial or within droplets, were assumed to be
spheres with radii 0.1 um and m = 2.0 — 0.66i, as recom-
mended by Bergstrom [1972]. For consistency with our
earlier assumed k value of 10 m*> g™', a soot density of 1.183
g cm™* was used. (Whether or not these values are repre-
sentative of the soot that was actually sampled does not
affect our radiative results; they were chosen for conve-

nience in order to convert a measurement (or calculation) of
absorption into an equivalent mass concentration of soot.
Since both the measurements and the radiative calculations
were of absorption, it was not necessary to know the exact
conversion between absorption and soot mass). Using the
Mie program of Wiscombe [1980], single-scattering quanti-
ties were calculated individually for pure water and for soot
and then combined to obtain values for w. asymmetry factor,
and extinction efficiency. Multiple-scattering calculations
used the Delta-eddington approximation [Joseph et al.,
1976]. assuming an ocean surface albedo of 0.07. In order to
estimate the typical climatic influence of soot on cloud
albedo. calculations assumed a global average solar zenith
angle of 60°, rather than the zenith angles that actually
occurred during the experiment.

6. RADIATIVE TRANSFER RESULTS

The calculated effect of soot on the albedo (at A = 0.475
pum) of clouds with different effective radii is shown in
Figures 1 and 2. The r 4 values were chosen to cover the
range occurring in real clouds reported by Hegg [1986]
(5-275 um), as well as some of the grain sizes in snow
[Wiscombe and Warren, 1980] (50-1000 um). Figure 1 rep-
resents a semi-infinite cloud (optical thickness 7¢ = =), with
the shaded area signifying the range of soot concentrations
under consideration. In the following discussion all concen-
trations are given units of ng soot g~' cloud water, unless
otherwise stated. The concentration at the left boundary of
the shaded region represents the maximum calculated inside
the droplets themselves (79), doubled (to 160) to account for
the higher absorption of an internal mixture. The maximum
value, 590, is the sum of the same cloud droplet soot
concentration (160) and the maximum interstitial soot con-
centration possible from our measurements (430). The
curves represent different r 4 values. The albedo without
soot (left side of the graph) is lower for clouds of larger
droplets, but the point we wish to emphasize is that soot
causes a greater reduction of albedo in a cloud of large
droplets. In the words of Warren and Wiscombe [1980, p.
2738]. this is because radiation penetrates more deeply in a
cloud of large droplets than in a cloud of small droplets with
the same liquid water content and thus encounters more
absorbing material before it can reemerge from the top of the
cloud. If a r.g of 10 um (slightly larger than the ones
calculated to compensate for the possible underestimation of
this parameter by the FSSP) is assumed, the change in the
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albedo of this semi-infinite cloud due to the range of soot
concentrations in the shaded area is —0.014 to —0.029.

Our results are generally consistent with earlier calcula-
tions of Chylek et al. [1984], but their calculations empha-
sized much larger concentrations of soot. Using a range of
realistic droplet distributions, they calculated that a volume
fraction of internally mixed soot of between 5 X 107¢ and 1
X 10~° would be required to reduce the albedo (at A = 0.5
wm) of an optically thick cloud to 0.80. This is approximately
equivalent to between 5 X 10°> and 1 x 10* in our units (in
units of ng soot g~ ! cloud water), more than 10 times greater
than the maximum concentration we found in clouds.

A simple convenient expression for optical thickness is
given by Stephens [1978, equation (7)] as

3 QW
4 regp

where the extinction efficiency, Q.,, is approximately 2, W is
the vertically integrated liquid water content (in g m~2) and pis
the density of water (1 g cm™3). The clouds observed during
FIRE in the eastern Pacific (Table 3) had calculated 7* values
between 14 and 28 (liquid water contents =~ 0.3 g m—> and
depths of 240485 m). Figure 1, which depicts a semi-infinite
cloud, is not therefore representative of the clouds we sampled.
In Figure 2 we show the results of albedo calculations at A =
0.475 pm for more realistic clouds, with 7* = 30, slightly larger
than the maximum thickness we observed. Comparing this
with Figure 1, we see that the albedos of the 7 = 30 clouds are
noticeably lower than those of the semi-infinite clouds. They
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Fig. 1. The calculated effect of different concentrations of soot
on the albedo of a semi-infinite cloud (optical thickness 7 = x) at
A = 0.475 um, with curved lines representing different values of
effective droplet radii (r.q) in micrometers. Stratocumulus clouds
sampled in the eastern Pacific had r. values of 5.0~7.8 um. The
shaded area represents the range of concentrations under consider-
ation: from 160, which assumes the only soot in the cloud is the
maximum amount measured inside droplets, to 590, which includes
the maximum possible value for interstitial soot as well. In order to
show the combined effects of both types of particles in the same
figure, the inside-droplet concentration has been doubled to account
for the enhanced absorption of soot inside water droplets. (All
calculations modeled soot as an external mixture.)
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Fig. 2. Same as Figure 1, except for a cloud with a more
realistic optical thickness of 30, similar to the thickness of strato-
cumulus clouds sampled in the eastern Pacific.

are still high relative to spectrally averaged values, however,
since absorption by liquid water and water vapor is very weak .
at this visible wavelength. Since water is more absorptive in the
near-infrared than in the visible, absorption in the near-infrared
by a water droplet containing soot is largely due to the water
and not the soot. Reductions in spectrally averaged albedo due
to soot will therefore be approximately half as large (see Figure
2 of Warren and Wiscombe [1985]) as those calculated here.
Comparison of Figures 1 and 2 shows that soot has a smaller
effect on albedo as optical thickness decreases; therefore the
albedos of the clouds like those in FIRE with 7* < 30 should be
slightly less affected than those represented in Figure 2.

If we evaluate the same range of soot concentrations as for
the semi-infinite cloud, the maximum reduction in albedo of
a ™ = 30 cloud is only 0.001 for r.¢ = 10 um. Thus much
higher contaminant levels or much larger droplets would be
necessary to significantly alter the albedo of a realistic cloud
like this: a soot concentration of about 2 x 10* ng soot g™
cloud water for a r.g = 10 um (or a r.q of about 500 um, that
is raindrop size, for a soot concentration of 340 ng g~ ')
would be required to reduce the albedo of a 7 = 30 cloud by
0.03 at the most sensitive wavelength. (An albedo change of
about 0.03 is probably the minimum detectable by most
methods.) An average soot concentration in urban areas,
based on published measurements of atmospheric fine par-
ticles. is about 2.9 ug m™3 [Heintzenberg, 1989), which,
assuming it all was present inside a cloud, corresponds to a
concentration of about 1 X 10* in our units. Therefore it is
possible that in highly polluted urban areas, soot could have
some effect on cloud albedo at sensitive wavelengths.

For snow, by contrast, the same reduction of albedo could
be achieved by a soot concentration of only 10-60, depend-
ing on snow grain size (see Figure 2 of Warren and Wis-
combe [1985]). These concentrations are within the range of
those actually measured in snow in the Arctic (Table 2b).
This important contrast between clouds and snow, that
about 1000 times higher concentrations of soot are needed
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FIG. 2. Computations of the plane albedo as a function of optical
thickness and cosine of the solar zenith angle for a FWC phase func-
tion with conservative scattering (wg = 1.0).
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(c) From Earth-radiation-budget computation

Global average albedo is 0.3 (Stephens et al. 1981, JGR 86, 9739)

Earth is 64% covered with clouds (Warren et al. 1995, J. Climate 8, 1429)
Planetary albedo without clouds ("minimum albedo") is ~0.17 (ERBE)
So cloud albedo o, must satisfy this equation:

ocf. + ag(1-f) = <>,

where f is cloud cover fraction, o is is clear-sky albedo, and
<o> is average albedo.

Putting <o>=0.3, o,s=0.17, £=0.64,

we obtain a.=0.37
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Oceanic phytoplankton, atmospheric sulphur, cloud
albedo and climate

Robert J. Charlson’, James E. Lovelock’, Meinrat O. Andreae* & Stephen G. Warren'
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The major source of cloud-condensation nuclei (CCN) over the oceans appears to be dimethylsulphide, which is
produced by planktonic algae in sea water and oxidizes in the atmosphere to form a sulphate aerosol. Because the reflectance
(albedo) of clouds (and thus the Earth’s radiation budget) is sensitive to CCN density, biological regulation of the climate
is possible through the effects of temperature and sunlight on phytoplankton population and dimethylsulphide production.
To counteract the warming due to doubling of atmospheric CO,, an approximate doubling of CCN would be needed.

Fig. 1 Change (Aa) of visible albedo (0.6-um wavelength) at
cloud top caused by changing droplet number-density N while
holding vertically integrated liquid water content (liquid water
path, LWP) constant. Aa is plotted as a function of the albedo of
the reference cloud and the effective radius (r.g, the surface-area-
weighted mean radius®®) of the dropsize distribution relative to
that of the reference cloud (r%;). The corresponding change in
top-of-atmosphere albedo (needed for estimating the effect on
Earth radiation budget) can be obtained approximately by multi-
plying these values by 0.8, as described in footnote of Table 1. The
different albedos for the reference cloud (vertical axis) correspond
to different values of LWP. When LWP and the shape of the
dropsize distribution are held fixed, the number-density of cloud
droplets N is related to r.z by N/ Ny=(req/r%)~>, shown on the
scale at the top of the figure. These calculations used r2; =8 um,
but the figure also is approximately valid for other reference clouds:
the plotted values of Aa are in error by less than 20% if albedo
<0.9 and 4= r%; <500 um (that is, anywhere in the range of rg
found in real clouds by Hegg®®). The size distributions used for
the calculations are almost monodisperse, broadened just enough
to average over the oscillations in the Mie-scattering quantities.
However, the calculations are also valid for any realistic size
distributions with the same r.q, as Hansen and Travis®® showed
that the scattering properties of a cloud are controlled essentially
by 7., with very little influence from other moments of size distribu-
tion. These calculations assume a direct solar beam at the global
average zenith angle 6,=60°, incident on a cloud of spherical
droplets of pure water, above an ocean surface. The albedo of an
ocean surface under a cloud is essentially independent of

Relative number-density of cloud droplets N/Ng
8 6 4 3 2 15 1008 06 04 03 02 0I5
'o eobow b % oG o | i.l.l.l.l.ll
00 0
-\ ’004
0.8-\ Y

<3
i

o
o
n 1
+
o
Y

o
o
)

o
>
L

o
w
1

o
N
1

!

Visible albedo at top of reference cloud (ry,=r2)

0.1 7 wavelength and averages 0.06-0.08 (refs 67-69); these calculations
- Albedo of ocean surface - assumed 0.07 (dashed horizontal line). The computation of phase

0 S s function, single-scattering albedo and extinction efficiency for
05 06 07 08 09 1.0 12 14 16 18 20 individual cloud droplets used the Mie program of Wiscombe’®

assuming the refractive index for water is 1.332-1.09+107%i at

0.6 pm wavelength”". The computation of radiative transfer in the

cloud used the delta-Eddington approximation’. This leads to

absolute errors in albedo (for water-clouds at visible wavelengths

and 6, =60°) of 0.00 to 0.03 depending on cloud optical thickness

(Fig. 8 of ref. 73), but the error in albedo differences plotted here
is much smaller, generally by a factor of 10.

Relative effective radius of droplets r,/r%,

- . . .,77/_{/,‘/7



© o o ©O




	Notes090
	notes_page1
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-17
	Untitled-18
	Untitled-19
	Untitled-20
	Untitled-21
	Untitled-22
	Untitled-23
	Untitled-24
	Untitled-25
	Untitled-26
	Untitled-27
	Untitled-28
	Untitled-29
	Untitled-30
	Untitled-31
	Untitled-32
	Untitled-33
	Untitled-34
	Untitled-35
	Untitled-36
	Untitled-37
	Untitled-38
	Untitled-39
	Untitled-40
	Untitled-41
	Untitled-42
	Untitled-43
	Untitled-44
	Untitled-45
	Untitled-46
	Untitled-47
	Untitled-48
	Untitled-49
	Untitled-50
	Untitled-51
	Untitled-52
	Untitled-53
	Untitled-54
	Untitled-55
	Untitled-56
	Untitled-57
	Untitled-58
	Untitled-59
	Untitled-60
	Untitled-61
	Untitled-62
	Untitled-63
	Untitled-64
	Untitled-65
	Untitled-66
	Untitled-67
	Untitled-68
	Untitled-69
	Untitled-70
	Untitled-71
	Untitled-72
	Untitled-73
	Untitled-74
	Untitled-75
	Untitled-76
	Untitled-77
	Untitled-78
	Untitled-79
	Untitled-80
	Untitled-81
	Untitled-82
	Untitled-83
	Untitled-84
	Untitled-85
	Untitled-86
	Untitled-87
	Untitled-88
	Untitled-89
	Untitled-90
	Untitled-91
	Untitled-92
	Untitled-93
	Untitled-94

	Notes190
	Untitled-01
	Untitled-02
	Untitled-03
	Untitled-04
	Untitled-05
	Untitled-06
	Untitled-07
	Untitled-08
	Untitled-09
	Untitled-10
	Untitled-11
	Untitled-12
	Untitled-13
	Untitled-14
	Untitled-15
	Untitled-16
	Untitled-17
	Untitled-18
	Untitled-19
	Untitled-20
	Untitled-21
	Untitled-22
	Untitled-23
	Untitled-24
	Untitled-25
	Untitled-26
	Untitled-27
	Untitled-28
	Untitled-29
	Untitled-30
	Untitled-31
	Untitled-32
	Untitled-33
	Untitled-34
	Untitled-35
	Untitled-36
	Untitled-37
	Untitled-38
	Untitled-39
	Untitled-40
	Untitled-41
	Untitled-42
	Untitled-43
	Untitled-44
	Untitled-45
	Untitled-46
	Untitled-47
	Untitled-48
	Untitled-49
	Untitled-50


