T INTERNAFIONAL ATOMIC :
&ﬁ?} UINTTED NATIONS EDUCATIONAL, SQIENTIFIC AaND CULTUR AT ORGANIZ ATION
INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
LCTP, PO BOX 586, 34100 TRIESTE, ITALY, Camit CENTRATOM TRIESTE

ENERGHY AGINCY

SMRE/406 4

THIRD AUTUMN WORKSHODP ON ATMOSIHIERIC

RADIATION AND CLOUI PIIYSICS
27 November 15 December 19849

"Clouds and Radiation”

Marcia BAKER
University of Washington
Departiment of Geophysics
Seatltle, WA
JSA

Please note: These are preliminary notes intended for internal

distribution onliy.



Clouds and Radiation

1. Background

A. Solar and Terrestrial Radiation

1t 15 convenienl 1 discuss aunospheric radiaton, and in particular, the ineractions of atmosphenc radia-
tion with clowds, under twy separate headings, according w the origin of the radiation {(the Sun or the Earth).
The waperature of the radiation source determines its specirum. Figume 1.1a shows the nonmalised encrgy spec-
e of tadiation 8,7 (Walls/m¥stradian) emitted from a black body at lemperature T=5750 K, which 15 near
the radiative wmpecature of the sun, and that of a black bdy a1 T=245 K, approximately the radialive wmpera-
wre of he almosphere. The areas under the curves are proportional 1o the otal power per arca lrom cach body
at the wp of the aunosphere; that from the sun is reduced greatly because of the distance between the Earh and
the Sun. The lunction B,(T) 1s
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B =
where A= 6.6% 1075 s Plawk's  constat, = 310%s i the  speed  of  light,  wnd
& — L3R 10720 molecute ' is Bulzmann®s constanl. From this expression we can derive Wien's Law, which
gives the wavelength an which radiation from o black body al iemperature T is maximun:

Appar(W) = —2?;.” (K} (11

The solar radiation is called showave (SW) because the spectrum peaks at a wavelength Aagax = 05 mcrons
and there is almost RO cnergy in 1he solar beam al wavelengths A 2 5 microns. The ingnsity of solar radiation
vertically incident at the wp of our almosphere s 3, = 1380Wm™2, where S, is called the solar constant. The
1otal annwally and diumally averaged solar flux (power per arca) at the wp of our atmoesphere is

S, R} a 5.
anvi 4

=345Wasistm® = the total Nux of oulgoing terrestrial radiauon in equilibium, The wrrestrial (somctimes called
lungwave, oF LW) mdiation spectium peaks at A = 10 microns.

The wavelength regimes in which solar and krrestrial radialion are imporiant are:

Q01 0.1 p x—rayl
O.1-08 vi.ubfe} solar

0.8 0.0y near infrared (IR) ]
0.0 1K} W for infrered terresirial

The wpic of the nexl dow lectares s e interaction of te solar and werestrial radiation with atnasphenc
witler clouds, as shown schemaucally o Figere 120 We will consider clouds w be horivonislly intinile, homo-
geneous sheets of finde thiekness wiach absorb and scatler both SW oand LW radiation.  (The subjects of who-
mogencous, finite, and glaciated clouds will be treated later.)

The interactions of clouds with raudianon have two major effects.  Fiest, the raliative fuxes are omxliied
by seadering froon and passage through clouds, which leads 1w dircct moditications. i global aud lucal heat
budgets.  Second, the clouds themselves are modilicd by the same process, which has indirect impacis on the
heat biklgets, We will discuss bath eHeors bricfly here,

B. Interactions of Photons with Gases and Purticles

Given the luxes of SW and LW radiation impinging on a horizontal cloud layer of known properues, we
wish 10 calculate, or estimate the fluxes inside the clouds, the raie of encrgy absorption by the clouds, and the
flux of coergy reffecied by them.

The energy removed from the beam in waversing a horizontsl cloud laycr may be (a) absorbed by atoms
and molecules and then re-emitied al a different wavelength, (b) absorbed by awoms, molecules, drops amd small
particles and transformed into heat, raising the local lemperature in the medium, and/or (¢) simply redirected, or
scattered by molecules, small particles and drops.

Figure 1.1b shows the fraction of elecromagnetic encrgy absorbed by the atmosphere as a funcuon of
witvelength A, Molecular absorption is wavelength dependent because molecules possess discrete energy levels
assovialed with different vibrational and rotalional stales, Absorption of a phown can only occur if the photon
hus exaclly enough energy 1o mise the molecule from one of ils discrele staes w another. The encrgy of a pho-
lon is a function of ils wavelength A, or ils frequency v = % (where ¢ = 3 % 108 B s the velocity of light).

Therefore photons of only one discrete value of A can be absorbed in any transition. However, in general, the
vibrational-rotition  wansilions correspond 10 energies that are grouped in bands.  Moreover, collisions of
molecules and/or their motion and other lemperature and pressure effects cause broadening of the vange ol pos-
sible photun wavelengths that can be absorbed. Therefore, calculation of the absorptivity of the aunosphere as a
lunction of wavelength is accordingly extremely complex.

The inwractions of radiative Nuxes and small droplets depend on the wavelength of the radiation and the
size of the droplets. To understand this dependence physically, consider a plane wave of wavelength & incudent
on a sphere of radivs @ and index of refraction m as shown in Figure 1.3, The radiation wil in pan pass through
the sphere, und be relracted by i, and in pan it will be diffracted around its surface. The amount of energy scal-
wred away (rom the forward duection, and the amount of encrgy removed {absorbed) by Lhe interaction depends
un the inferference between the forwurd propagating wave and the refracicd and diffracied waves. The imerfer-
eace in tum depends on the phase change 8y suffered by the photons passing through the sphere, which is on
the order of

ay= 4%-a(m -1 (L

In geneeal, we will see that we need consider scattering only by particles of spaal dimension o such that
Ayz4

The index t;l‘ refraction of water = mr = 1.33 and a typical drop size in low-level clonds is 4 = 5 pm. Thus,

singe Ay = TES (.33) = 2, we can ignore scauering of LW radiation by most cloud drops.  For rough estimates

of the radiative NMuxes we can also ignore scallering of both LW and SW radiation by atoms and molecules, 10

lirst approximation. (Sce Slingo and Schrecker, 1982, and Roach and Slingo, 1979, and references therein for
moit compicle trealments.)

We now consider the passage of LW and then SW radiation through a homogencous cloud.

C. The One-Dimensional Equations of Radiative Transfer

In this section we will derive the cquations of radiative transfer in one dimension. The equations depend
on certain parameders that describe the medium, which for the moment we suppose are known. [n secuon 1 we
discuss these parameters and simple approximations for them.

1. Buckground. Consider 2 horizontal slab of material of density p (kg/m’) and thickness dz, and a beam
of raision of wavelength A and intensity, or radiance, [, (Wansim¥steradian) incident vertcally on it
Lambert’s Law staies that the intensity removed from the beam in traversing a disunce ds by absorption s

dfy =~ x3™pdz
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2
where (iﬂ:) 15 tie absorpion coclliciend, a constand depending on the medium. I the rudiation is LW, it
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will excite molocular wansitions that will result in the recmission of caergy in other wavelengths, thus ncreasing
I, again. If we are dealing with SW radiabion, we must consider scattering, which is responsible both For part ol
the decrcase in £y, and then, as radiation is scauered back into the forward uavelling beam, for ils increase. We
consider cach of these cases separalely.

2. LW Radiation. Lel cquation (1.2) represent the decrease in encegy duc v absorption by molecules
from a beam of LW radiation travelling vertically upward, as in Figure 1.4a. We ignore scatiering, as men
tioned above, but we must consider reemission of the absorhed radiation. KiechofT's Law tells us energy will be
re-emitted uniformly in all directions, spread over all wavelengths with a spectrum proportional 10 wab .
where T is the temperature of the slab and 83(T) is the black body Tunction shown in Figure 11a. Thus the
totl change im f, crossisg ds s

df] = -8 plldz + S Bypdz (1.3

Eyuation (1.3} (and its couterae, tor radiation travelling downward) apptics only 10 radiation travelling verti-
cally, whereas in reality radiition s tvelling in alb dircctions. To reduce the problem 1o one dimension, we
intwgrate the inensitics over the upward and downward hemisphercs o deline

205 (0)cos0sinddd = F] (1.4}
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where F are the functions calicd irradiances, or fluxes. They represent the total energy crossing unit horizontal
arca per unil time (sec Figure 14h). We shall concern ourselves here only with the calculation of the fluxes,
Y oand FY1t can be shown that equation (1.3) holds w a very good approximation with Iy replaced by £y, il

we replace dz by a mean thickness —dz and we replace By (T) by its value integrated over a hemisphere, which
is T (1) - ol where o = S8 x 10 Wim¥K? is the Siefan-Bolzmann constani. We definc the optical depth

57
(2} = ?J”q ‘pdz (1.5)

with T = 0 at the top of the atmosphere, and © = " at the Earth's surface, as in Figure 14, Then we have from
e lux version of equation (1.3} and its counterpint for downward propagatiog radiation thay

d!"{ 1
— = Fi-nBh (1.6a)y
dty

aF ,

FI—; = -F3 + (1 (1.6b)

(Noute that these equations are identical 1o thuse presented in, for example, Rowxch and Stinge, 1979, in different
potation ) Furthermaore, the absorption of encrgy by the slab changes ils temperature. The net cate ul energy
ahsorption (Watlsim'y a1 height 7 is

4-

d g
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so the heat equation is
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Given the initial and boundary conditions for the fluxes and temperature, as well as the funclion w5 the hems-
pherically averaged LW fluxes and temperature in a uniform nonscatiernng, smasphere can be found tunctions
of space and time via equations {1.6) and {1.7). The boundary conditions in the simprlest case are: !-‘{ 0 {IR
flux at cloudiop) and F1{13) = nfy(T), where Ty; is the safface lemperalore.

We will come back 1o these cquations later, and use them o describe the passage of termestrial, or EW,
infrared radiation through clouds.
1. SW Radiation. We now wurn our allention le deriving cquations analogous o (1.6} for passage of SW

radiation through clouds where we must include scatlering bocanse Ay = TS_ 3 =40, In this case we deling

1he scattering and absorption cocfficients, kF“™™ and wehmen guch that
K = (1.8
10 account For the scparate contributions of scauering and absorption o the otal extinction of radiation.  These

depend on the molecules and particles in the medium, as explained in section Lb. We define the single scattering
albedo,

A e

wy = 19
T & (9

wh is the probability a photon of wavclength & will be scattered (which could mean scattered in the forward
dircevion), rather than absorbed, in any single event, Scalicring can redirect phokons in any direction, as shown
schermatically in Figure 1.5, We will conlinue to consider only onc.dimensional radinive transfer, s0 we arc
inlerested only in how much of the scaltered radiation is scaltered up and how much down. This is usually
expressed in terms of “the asymmetry factor” g, where

=

n lcnsefi“(ﬂ]sintkm
(1.10)

&= e

() is the intensity of radiation scatered through an angle 8. (We assumie azimuthial symmetry), oy and g;.
as well as 15, depend primarily on the numbers and sizes of the clowd drops.

We do not have 1 consider reemission of radiation, as we dl for the LW case {equatons 1.3 and 1.6) for
the Tollowing reason: By Kirchofl's Law a cloud al temperature T cnuts a spectrum proportional 10 k7B, (T).
However, (sce Figure 1.1a) By(Tomomphere) i almost zero at solur wavclengths. Thus we can neglecl black body
emission at solar wavelengths and consider only absorption (by gases and drops) and scaucring (by drops).

The mest satistactory onc-dimensional approximation 10 the cquations of wansfer of solar radiation in
water Cowds is the so-called delia-1iddinpion approximation {Joseph et al., 19761, in which the wpwarid Auxes are
given interms of two functions, f, and £ by

2
)= il + 31, (L



Fm) - mty - (1.12)
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Fy, is the intensity of the direet solar heam al wavelenglh &, which is incident at angle O = cos Yoagh (This is
vne of a family of approximations of similar fonn; the choice depends on the particular problem 10 be solved
(Muador and Weaver, 198(0.) These cquabions are solved in wrms of initial and boundary condivonus on the
temperature srd Huxes, and the change in layer wemperature due w the net absorplion of clecuomagnetic eneigy
is again given by ecquauon {1.7}).

Equations (1.13) and (L.14) give the SW raduwtive fluxes and the emperature inside clouds i the
cocllicicnts w), T, and g, ar¢ known, as well as the inial and boundacy conditions. The boundary comlilons
are the value of Fﬁ' (e bensity in e incident direct beam), that of Wy = cosfy (e cosine ol the solir 2enith
angle), and Ay, the albedo of the underdying surlace, where

FLG) = ~RFLED) (1.15)

These equations, wiuh eguations {1.6) lor LW radiation, are the ones we set out 0 find. ' We now cxamine the
dependence of the parameiers in these equations on the cloud propertics.

4. Porumelers in the Radiative Prunsfer Equations. The paramewers we need in equatens (1.6), (1.7),
(1.13), and (1,14} are as follows: Conumon Lo all the cquations ts the optical depth,

T =f x{"pdz (1.16a)

At short wavelengths 7y is o function mainly of the hiquid witer content in the cloud. At longer wavelengths 1,
depends also on the gascous componeols of the cloudy layer, The paramelers we need for equations (1.13) and
(1.14) w find the SW fluxcs, are: k) and w2, where ki= k) (gases) +x5, (drops). The conuibution due w the
gases can be calculated tor cach waveleaglh imerval as a function of the absorber amount. (See, for cxample,
Rogers amd Walshaw, 1966.) The conuibution due 10 drops is calculated Iton the following expressions:

P w =l~(a)nu’Q‘(Av)du {1.16b}

Nadduim™) is the numbes of deops e the radius inderval (e, avda) per ot voluie. The  "cHiciencies”; e, the
functions (2 (A and O (Ayp we shown in Figures §.6 and 1.7. Notice from these elliciencies {sce cyuidlion
(1.2)) ihat extinction by spheres becomes imponant lor Ay 2 =4, and that, for consuan index of relraction,
o B9 approaches 2 as the zadius of the sphere increases. The absirplion efficiency, (% iy shown for
constant index of relrachion. As we will see below, liquid water absorbs preterentially at centain wavelengihs, so
the absorpivity of a drop is ool a smple tunction of 4.

K - g

wyy — (1. Hx)
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sinedai!iv(u)m’ cosd @ (Aydu
= (1.16¢)
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and gy =

The radiagtive transfer cquations allow us in principle o calcalate all the elfects of the passage of SWoand
LW rudiaiion through horizontally uniform, infinite clouds in terms of these parameters.
Since it is difficult W calculate the parameters in equations (1.16) exacily, il is ofen useful 10 use approxi-
matons for them, and we discuss these in the nexl seclion.
1. Clouds and Radiation: Parumeterization and Results

A. Solar Radiation Parwmeterizations

Usctul approximations for wh £, and Ty, which are needed 10 be able W sulve cquations (1.13) and
{1.14), are often found by noting  from Figure 1.6 that 0"*(Ay) — 2 for Ay > 1. Thus for all & small compared
with the mean droplet radii (and this holds through most of the solar spectrum) we have from equations (1.16b)
that for SW radiation the drop contribution W the oplicat depth is

dn = di=(2n 1N(a)a2da)dz 1.16")

We now cxpress tin lerms of the paramelers usually measured in clouds; i.e., (a) the locak liquid water content,

Jath0
@ kg air
o= 43" ‘[N(a)a]da @n
and (b), the liquid water path,
Wi, AL ) o pu] gt 22

where p; and pg,, arc the densities of liguid waler and air, respecuvely. We can define an elfective radius for a
droplet size distribution,

N{a)a'du
ryg = ———— (2.3

Nayi'da

(Swphens, 1978). Then from equtions (1.16a) and (2.3} we see that for SW radiation in clouds

o, 2) = -;- W((:—q’)z) {fi}] 2.4)
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A typical value of rye in low-lying siratiform cfowds is = 5 1, and a typical average value of g, is =5 x 1
when the clouds are several hundred meters thick. Thus the wtal SW optical path in such clouds is approxi-
mately

38 = 10 50200)

= A
2 (5 x 10 SO000)

The other paramcters we need for the SWoeguations (1.13-1.14) are g, and wy. It tems out that the reselts
are fairly macnuuvc 10 . andk for realistic drop wc distributions g = 0.85 for all & in the solar range. The
specilication of wi is somewhal moere imporiang, o is defined by equation {1.16c) and includes scatiering by
drops, absorption by drops, and shsorption by gases (mainly water vapor, ozone, and carbon dioxide). Most of
the .1hmrp|mn of SW radiation is due W drops, so that o first approximation absorpticn dut, 1o gases can be
neglected. wh = 1 always; Imwwcr the resulis of the caleulations are very sensitive o wi duc to multiple
scalering, inside a cloud of w) - 99 (or an absorption probabilily event = 001} Ulcrc can be considerable
absorption of electrromagnetic energy. Fur practical calculations of cloud reflectivity w? is often put equak o E,
whereas for caleulations of SW absorption by clouds il is convenient to use the linear approximsbon
I-mh = (185 Cy ¢ (Twomcey and Bohren, 1980 where @ is the average drop radius and Gy is a constant thi
depends on wavelengih. Cy is approximately zero in the visible and takes on values .1 =20 em”' in the near
infrared (Slingo, 1989).

Terrestrial Radiation Parameterizations

According 10 equations (1.5-1.0}, we need x3 and (he absorber densities to find the propertics of LW
fluxes in clouds, The important gascous absorbers are water vapor (for 6 um < A < 20 pm), CO, (for
A= 15 ) €k (or & = 9.6 pm), and water vapor (for A in the window region 10 - 12 wm). Water drogs absorb
at roughly the same wavclengths as vapor. The LW fuxes in clouds can be appraximated by noting that for a
very Lhin layer of vptical depth dt;, we have

FE (du) = FRO - dt) + ’Bydta

{scc cquation 1.6}, and a similar equation holds for F{(dn). For a finite, homogencous layer whose nplic:{l
depth 15 not oo great, we can approximate the fluxes in terms of two functions called emissivilics, 2 and 1y,
such that the Nuxcs have sumilar behavior, namely

Fha) = FHoK - ed) + mByed (2.5)

Flin) = Fla - ) + nyed (2.6)

where 8, - the black bodPr hmuum a the mean temperature in the layer, and t3 = the total optical depth of the
luyer al wavelength . €5 and rl are different because the spectral compositions of the spward and downward
propagating beams are diflerent. Forunaiely, it furms out thiat w a fairly good approximation hoth £, and e3 arc
independent of & and of T, and that they ke on the simplc parameterised form

iz, Hy=1-coxp| rJTW(z, ), ¢! ()= 1-expl alW(z, 8] 2n

1

b 2
whese @' 158 ’—"—,u 130 % amd Wz, 27y is delined by cquation (2.2). More detaded calculations are

&
given by Roach amd Shingo (l‘)?‘lé)"
ky ..
Note (hat a truby black body, in (hese terms, has ¢l wet =1, Thus only for W] —% is 1@ g
m

approximation to assume clouds are black badies (see Figure 2.4, below). Low-level stratilorm clonds must be
huredreds of meters thick for Woio be this hrgh,

K.

(. Results for Warm, Plane-Paraltel Clouds

Tnscriion of the paramewcrizations (equations 2.1-2.7) inw the equations of radiative anster (or, allwerna-
tvely, using more accurale capressions for the necessary parameters) allows us w0 solve the cquations Tor the
SW oand LW fluxcs w any poit within the cioud layer and on s boundanes. OF particular inferest usoally {as
discussed i section [h) are the following quantitics: the SWorellectivity (or albedo), ro the SWtransnuitance, 1
bath inwgrited over all solar wavelengths: and the SW oand LW coolmp mites, where

FlL )

T {2.8)
mufal0)

r

FLah

t=s ——1— (29
o)

the SW ahsorptivity, a = 1-r-¢, and the SW and 1,W cooling rate proliles are given by cquation {1.7). Figures
2.1-2.4 show the resulis of such calculations, T, and thus 7, increases with clond depth and with the wtal drop
surface arca, so that for given ¢ a cloud made up of many small drops reflects more solar radiation than does
onc ol a lew Earge drops. r also increases with zenith angle 8,. Figure 2.3 shows the spherical albedo {(which 1s
rebed 1o the reflectivity ) Tor clouds of varying T and @y and relates these o N, dor a cloud of ¥ dropsfem®.
According to this Figure, the overall trend 1s for increase of reflectvity wiah N tor constant y, and For increase
ol reflectivity with w, at constant N.

The dependence of reflectivity on @, and N implics that changing cither (via pollution, Tor example) may
alter cloud eeflectivity. The cloud absorplivity (for both LW and SW radiation) depends in part on pollutant
tevels; absorbing gases and carbonaceous particles within and between clowd drops can mcrease W and
decrease @, considerably, Because of the difficulty m measuring absorptivity, it s not clear o what extent
anthropogenic aclivity is aliering the absorplivity of low-level clouds w0 presen. The heating/cooling rates
(equation 1.7} depend on absorption by drops (which depends on drop volume) and on absorplion by gascs, prin-
cipally water vapor. SW absomuion by liquid water and by water vapor are comparable. SW absorpuon
low-lcvel sratform clouds is usuably maximum near the middle or in the lower hall of the ¢louds, producing
local warming therc. Figure 2.4 shows both the SW reflecuvity v {equation 2.8) and the LW effective emissivity
€ (an avcr.ige of & and & in equation 2.7) as functions of hquid watwer parth W (equation 2.2} for
0y = cos jtg) = 30°, Typical low-level layer clouds have £ =09, r = (15 1.W absorption is SLOngest near
cloud base amd there is cooling near cloud top where the cutgoing Mux, F u)), is not bakinced by 1he downward
flux. This imbalance is felt within the 1op 10-100 meters of these clouds.  Further down inside the clouds, the
fluxes become isotropic and the clouds radiate Like black bodies, The SW heating and LW cooling rates arc
often comparable in maguitude (= 6-10 KMy in low-level stratwcumuluas, bot because they are concentrated at
different heights within the clouds they give rise 1o convective mations important for ¢low evolution.

D. (bservations of Radiative Properties of Clouds

We now understand in a gencral way the theoretical relationships linking cioud propertics w the impacts
of clouds on LW and SW fluxes. This observation of cloud physical propertics {clowd thickness, gdz), Na, 2),
cle.) permits prediction of cloud albedos and heating rates, and observation of the radimive propertics of clouds
allows inference of the cloud microphysical parametcrs, By fiymny aircrall through clouds and simullancousty
measuring the cloud radiative fluxes lrom satcllites, for example, the theorctical relationships among the param-
ters can be tested and information on the current roke of clouds in climate can e gleancd. We now discuss sta-
dics in which these eclationships are used 10 interpret observations,

Salcllite measurements consist of maps of upward directed fluscs in 3 ninge of wavelengths. Typically,
luxes are measured at 10-12 1 (the so-called "thermal” wavelengibs), at 3 5y (the near IR), and at the peak of
the visihle spectrum, near 0.6 . The spectrum of the radiation al around 10-82 p is nsed w0 infer the wempera-
e of the source (cquation 1.13. Note that radiation in this wavelengih region (called the "window” region} s
absorbed very weakly in the clear sky (as shown in Figure 1B, Thus the intensity of the upwelling thermal



radiation 15 a good measure of the wmperature 1 ol the souwrce; ie. cloudp or Eanth's swiliwe. Subtraction of
the bluck body radiation B;,(F) from the Buxes reecived at other wavelengths A then beaves the mtensity of short
wavclength cadiation  reflected from the clowdp or surface. Al visible wavelengths near the peak of the SW
radisztion, (A = 0.5-0.6 p3, droplet absorption is nearly zero (sce Figure 4.4) and the cloud refiectivily s deter-
niined by the cloud thickness wwl ¢, (see eyuations 2.1-2.4). The reflecuvity at visible wavelengths is nearly pro-
portivnal 16 W (cquations 2.1-2.4), Al longer wavelengths, (A = 1-5 pm) absorption by droplets in the upper part
of the cloud lowers the SW flux reaching, and thus being backscatered by, cloud droplets in the clowd nterior,
so the rellectivity atl these wavelengths is due unly 10 dropiets in the upper part of the clowd, It theretore does
nod depend on cloud thickness lor clouds mwre than 50 m thick, and decreases (as absorpiion increases: sec Fig-
wre 1.7) with mean cloud droplet size, Thus by looking at Muxes in dilterent wavelength intervals we oblin
differcnt kinds of inlornson,

Figure 2.6 shuws the relatwonships between observed values of clowd liquid waler path (s measured by the
} and clowd reflectivity, ar (.63 u from the NOAA Advanced Very High Resolution Radometcr

quantuy

1
(AVHRR) for clouds off the coast of Califomia. The cloud albedo is = 0.4-0.5 for a range of values of W.
This range is typical for marine stratocwnubus. Figures 2.7 and 2.8 show the cloud reflectivity a1 0.63 and 3.7
(corrected for thermal radiation) as functions of total acrosol count (observed from aircrafl). The high peaks in
¥ in Figure 2.7 are duc 10 shipsacks and in Figuee 2.8 10 urban air. The figures are thus evidence that one result
of increasing pollution may be o increase the SW aibedo of low-level siratifommn clouds.

Figure 2.9 shows observed and calculated LW heating/cooling rates (cquation 1.7) for a nocturnal sualocu-
mulus case. The cooling is very sirong in the upper 100 m or 50 of the cloud, because \here is virlually no
downward LW or SW ilux at clousdiop. Heatmg is sirongest at ¢loudbase, due to absorpuon of {errestrial radia-
tion there.

We have assumed in our theorctical freatment thiat we are always dealing with unbroken, horizontally wnd-
form clowd How then van these theories be used 1o interpret observations that are olien of broken, inho-
mogenous layers? This is a much larger subject than we shall go inlo here, bul we show two observalional
methuds for the idenufication of broken cloud ficlds, First, since both unbroken clowds and open ocean are quite
uniform, we can use the standard deviation of the thermnal radiaton 1o give a measure of the standard deviation
of the wemperature {(and thus the altitude) of the radiating surface. Figure 2,104 shows a plot of the local swn-
dard deviation ¢ of cach "measurcinent,” where cach "measurement” is the average 11 poradiance in a4 x 4 (1
kn?) array of AVHRR data. The wwo low & regions correspond 10 clear sky and unbroken clouds, respectively,
und the high o region in the middle corresponds 10 broken clouds.  Another means for identilication of dilieren
sorls of cloud regions is w graph lecal mean reflectivity in the visible against the IR mdiance, as shown in Fig-
ure 2,10b. Cloud-free regions are characlerized by low reflecuvily in the SW but emil thermal radiation charac-
teristic of the ocean surface. Unbroken ¢louds emit less thermal radiation, since they are cooler than the sca
surlace, but they are highly reflective. Pixels comresponding 10 intermediate values of both relicclivity and ther-
mal radiance are representative of broken clouds. It is clear from buth figures that broken cloud ficlds are very
different, radiatively, (rom unbroken lickds, and they must be accurately parameterized in chimate models.

111 The Climatic Impacts of Clouds
There are three knuls of guestions we can now address with the ools we have developed, namely: What,
i any, s the role of clouds in modilying the et radiaion balance of the Earth-atmosphere sysiem? What, if
any, i3 the role of clowds in madhiying the distnbution of heating and cooling within the atmosphere and al the
Earth’s surface” What, il any, are the impacts of radiauve fluxes on ¢loud propenics? We consider the first two
very briclly heee and the third i the next chapies.
The Tmpact of Clouds on Global Radiative Halance
A simple energy budger of the Barth-aimosphere system can be staled as Follows:
R = Soll — 8} — ULR (3.1}

-14-

Koy s the net rale of energy (Watts/m?) incoming or oulgoing at the wp of the atmosphere, 5y s the energy flux
in the solar beam, OLR is the outgoing LW radiation flux there, and ¢, is the sysiem albedo. We have seen that
clowds modily both o, and OLR, increasing a, and decreasing OLR over the clear sky value. An increase 1n g,
clearly decreases R, causing a net cooling of the sysiem, whereas the decrease in OLR heats the system. We
can rewrite equation (3.1} as follows:

R with clouds) = Syl(} — afwith clouds)] - OLR(with clouds)

R Awithout clouds) = Sgl1 — ano clowds)] — OLR{no clowly)

The elfect of clouds on global radiation balances is then

Rpdwith clouds) — R, {without clouds) = AR —Soladwith) — a,(without)] - WHR{withy - OLR{without)]

P e 1o ctons

1015 important therclore to ask which effect dominates in the current aimosphere and which is likely w dominate
in the loreseeable future.

From cquation (2. 6) we wc that for low-lying thick clouds FT(O) is not too dilterent from i (1), and for
low-lying thin clouds F! (= £ (t) = n8,(¥g). Thus for both thin and thick low-lying clouds (since T = Tg)
the OLR is not very different from the OLR for clear skies. On Lhe other handd, we have scen (Figures 2.2-2.4)

thit a; {clouds) > a, (clear sky). Thus for low-level clouds the SW effect dosminates: these cause K., < 0 and
represent a cooling influence.

Clouds in the upper atmosphere also have a, > a, (clear sky). However in this case T < ¥y (since the in-
cloud wmperdure T at any altitude = the lemperature of the clear air a1 that ahilwde}, so OLR (clouds} < OLR
(clear sky), Therelore upper level clouds may either heat or cool the sysiem.

A saellite sdy (Ramanathan et al., 1989) of R, shows thai, averaged over all clouds and over the whole
Earth, AR, <0 a presceot, clouds cool the Eanth-atmosphere system. This is the result of the low-
level clouds, and hence it is imporant w0 ask whether low-level cloud cover is apt w increase or decrease in the
future as the Greenhouse Effect increases, 11 has been suggesied (Charlson et al., 1989) that one clfect of rising
temperatures (due (o injection of greenhouse gases into the atmosphere, for cxample} may be W increase the bio-
logical production rate of CCN and thus w increase low cloud cover, Either the increase in albedo of existing
clouds, or the increase in low cloud cover, or both, would produce ncgative fecdbacks in the climate system,

decreasing the wmount of SW Nux reaching the sudace and thus couneracling, in some measure, the warming
wend.

B. The [mpuct of Clouds on Surface Temperature

Surface warming due w0 clouds is due 10 emission of LW mdiation downward from cloud base. We can
very roughly estimale the magnitede of (his effect for different kinds of clouds by considering o cloud layer
which has SW refleclivity r, Lw emissivity € = 1, and temperature 1. First let us imagioe this is a low cloud,
as picweed in Figure 3.0a, If !’Lw{ﬂ) =0, we have from cquation (2.6) that, integrating over the LW specirum,

i = a1t = ol} 3.2

The condition of encrgy batunce for the system is
b — s
i—4—)9 =ocii=all 0.3

Thus we lind thal

4
i
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1f the cloud had been absent, we would have found
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50 the surface cooling in this case 1s

L i
(1-n*-a- "'0)4] {3.3)

AT Uow clowd) = (i)%
o Uow ¢ P

Average values of r for low clouds 0.5, whereas over the sea rg = 0.1- 0.15. Thus ATy (low clowdy = -20 K
over the sea.

Now suppose the same cloud lies in the upper troposphere, so thal its wmperature Ty # T (see Bigure
1.1h). el us assume the subcloud layer, like the clowd, absorbs all the LW radiation and none of the SW radia-
Lion incident upon it. We find by very similar rcasoning, assuming the subckoud layer is a black pody a1 constant
temperature, that

So L 1
BTi; thugh clowdy = (=" 120 = * = {1+ o) (6)

Using the same values of the parameters we find that the surface heating due to the high cloud is positive, while
that due o the low choud 15 negative.  This is due 1 the radiative effects ol the subcloud layer, since the water
vapor is concenirated in the lowest aunospheric layers, a low cloud docs not add significantly 1o the Greenhouse
clfcetl. However, adding a cloud 1o upper, dricr layers, can substantially increasc this effect, Figures 3.2 and 3.3
show some more carcful calculanions of the impacts of clowts on surface wmperatures.

1V. EMfects of Radiative Fluxes on Clouds

We have now scen that the interactions of clowls with radiative fluxes modifies the temperatures of the
surface and atmosphere helow and in the clouds. These modifications are not stalic because in the process the
radiative fluxes change the cloud propertics as well. We now investigate these changes.

A. Macrophysical Effects
The absorption and emission ol encrgy inside clouds changes the local temperature, which changes the
buoyancy of cloud air. 1n sumc circumstances this substantially moedifies cloud dynaniics.

Consider a layer of cloud of thickness h, at iemperature T, which radiates through its upper surface into a
mediuen of wemperature 7, = 7, A, The rae of change of the layer temperature is roughly

d, A A1

Y.
L E e B2 g — 2 s gat? =
Pee ot Per dt h at h
Thus
dA A
7’ l—; 4.1

whoere

12

do1?

poh

[

4= 270 Ko h = 1K) m. Thus the lime For the cloud wmperature 10 change o few degrees via radiative Joss w
the upper atmosplicre 15 approximase 1y

frad 1 . 2
270 45 x 10 50 < 1y 270
ar a few minutes, in the absence of other effocts. This is the length of time it wouk! take 10 ..y the tem

perature and thus the dynamics of the cloud substanually by radiative cooting alone. 1t is long compared with
time scales for mution of conveclive cloud parcels out of the radiatively active regions. Thus Tor most convee-
tive clowgls radiation does not have important impacis on cloud dynamics. However, for very larpe layer clows,
which last for days and in which circulations are very slow, radiation becomes an impaortant heat sourcefsink
which modifics the temperature prafile in the cloud and thus the cloud motions. In marnne stratecutnolus, for
cxample, circolation of air carrying heat and moisture from the sea is driven in part by mdmtive cooling of
cloudy air near cloudtop.  This becomes the major source of turbulent kinetic encrgy in nuctumal clowds. When
for any teason the net cooling is diminished, cither by the presence of clouds alofl {which contribute downward
TR Muxes at cloudiop) or by heatmg duc o absorpuon of solar radiation, then the circulation weakens.  Figures
41 and 4.2 show the diomal variation of cloud amount and cloudtop wmperature from GOES E and W (Minnis
and Harrison (1984)), showing a distnce diurnal cycle with cloud thinping in the afternoon. This is oot due 10
"bumol T or evaporation of the drops in place, but is probably due rather wr the dynamic efect of absorption of
sofar radiation in the lower half of the clond, coupled with the radiative cooling near cloudiop. This situation
leads te a slight inversion forming near cloudhase that cuts off the flux of moisture from below, while comvee-
tion is maintained in the clond by the beating-cooling "dipole.” Turton and Nicholis (1987} modelled this cloud
thinping via solar heating and prodeced the realistic looking curves showa m Figure 4.3, The possibility of this
degoupling of the cloud from the surface must be considered i any moded of Clowds and radiation.

B. Microphysical Effects

Both water drops and waler vapor absorb radiation. 11 is panially re-emitied, partially used to cvaporae
the drops, and partially given off via conduction to the moist air between the drops. Davies et al. {1984)
showed that typical boundary layer clouds absorb about 9% of the extraterrestrial insolation and that 75-90% ol
this absorption is due o the droplets, rather than the vapor. Figure 4.4 shows calcukated values of w}: for a layer
cloud consisting only of drops and for one consisting of drops + vapor. Evaporation of waler into the moist air
and conduction heating of the air change the supersaluration, as shown i Figure 4.5, which then further
muxlifics the rate of nucleation, evaporation, or condensation.  Thas the cffects of mdiative fluxes on cloud dro-
plets are complex. They modify druplet numbers and sizes, thus modilying the fuxes themselves (since absorp-
tion and scatterng, of radiation by drops are highly size dependent: sce Figure 1.6).

Thus 10 assess climatic effects of the cloud-radialion interactions we mst tike i account modification
of the clouds by the radiatve fields as well as a modilication of the radistive ficlds by the clowds. In other
words, caleulations of the effects of, say, €6, doubling, must mnclwde 1he feedbacks due Lo changes in the clouds
caused by the perturbation in atmospheric radiative Huxes.

V. Summary

In these lectures we have reviewed the basic eguations of radiative wansfer in une dimension through
horizontally-uniform clouds. These are lirst order lincar differential equations with constant coefhcients. The
coelficiems are functions of the matcrial responsible for absorption and scatlering of tw radiation. They depend,
in genceal, on wavelength, on gaseous composition, and on the sumber and size distribaion ol cloud droplets,
Because they are difficudl i calculase, we have presented some simple parametcrisations which depend only on
castty measured featnres of coud layers,
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Fig 2.4 Albedo and eumssivily relationships as 8 function of the liquid water path {gm™®). Cuives sepresent the
basics « loud optival propoty paramelcnzation of Siecphens (1978). The effective eminance is mvanant with la- :
wde. fowever, the cloud albedo is disunctly eaith angle dependent. Clouds which fall o the panculsr

liquid water path range are shown on e upper absassa (From Siephens and Websier, 1981)
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Fig. 320 Swlace lonpaature dithoeme between chear and overcast shics as a funclion of surfae albedo,
Roesults e for 5, 35, and 65°N an winler.  Clonds prossess the indicated Diguid water pah, The Low (L), mcdium

(M), and high {H) clouds occupy the same Layers 913-854, 632.549, and 381-301 mb, respectively. (From

Stephens and Websier, 1981.)
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g

Webster, 1981.)
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Fig 4.2 Mean cloud amounts derived [rom GOES over & 05’ x 1.0 " region centered on San Nivolas Istand and

Fig. 4.1 Hourly average low cloud (<2 km) amount (----) and cloud top effective black-body temperanic (- from isJand ohservations. (From Minnis ¢t al, 1989.)
1g8. 4. +

in the castern Pacific denved Tiom GOES-E dala during Navember 1978, (From Minnis and Harmison, 1984



T

SIMILARITY PARAMETER s

o o o ot o
o o 2 2 2 4 & N w W ©
oo = B O ~F— T T T
%) ]
|
= - [V S | L
B & |
T+ w—= 90 -
F » o w2 23
-0 o —__ OO0 i
B C vo
z 1 (g e ]
) m .
& N B M
. Po OO ]
2 o0
& B~ +
3 E
& Q Y
B — < 1
= bod .
2 o
=Y -
g o o ]
c E n
2 >
e < }
m
& J
g M ;
—- Z !»v
5 A I ™~ -7z = - ;
5 3 — - " t
o T —— ] ¥
£ -
g T ¢
o .
2 .
: 2 ’
% -
[x]
S
5 . “9 [l
g L Y STTTmTEmmT e —e !
E- = i
g =3
o e ——
& -— -
{my 15 N .
< [=] E B
£
k- (A
o vy
g ) . L
12 3 i
fa | R
Time (hours) E)
- L
Fig. 4.3, Predacted dimnal vivianon of ckoud fayer. From inegrations for mid-latitnde suat umulus Wb SHCT. - o L i ol ) ) ~~ — ek Cl;_______L_,_.._g__-u—uAé, -
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Fap 45 Steady stant sopessatuntion as 2 Tuncuen of ol absorbed sadiation an the cowd for dilierent valoes of
fohe Traction of tord adiation absorbed by the dsoplets: uppee pane, nimbostats cloud model; lower panel,

strato s Clowd imedel. (From Davies, 1985}
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