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Abstract

This NASA Technical Memorandum documentsthe solar radiative transfer model
(CLIRAD-SW) developedat the Goddard Climate and Radiation Branch, which has been
appliedto variousatmosphericmodelsusedin the GoddaradLaboratory for Atmospheres,
including a generalcirculation model, a mesoscalenodel, and a cloud ensemblemodel. It
includesthe absorptiondue to water vapor, O,, O,, CQO,, clouds, and aerosols. Interactions
among the absorption and scattering by clouds, aerosols, moléRagieigh scattering),and
the surfaceare fully taken into account. Fluxes are integrated virtually over the entire
spectrum, from 0.175 pm to 10 pm.

Depending upon the nature of absorption, differgmproachesare appliedto different
absorbers. In the ultraviolet (UV) and photosynthetically active (PAR) region, the spéstrum
divided into 8 bands, and singlg @bsorptioncoefficient and Rayleigh scatteringcoefficient
are usedfor eachband. In the infrared, the spectrumis divided into 3 bands,and the k-
distribution method is applied. Ten absorption coefficiarsusedin eachband. The flux
reduction due to Qis derived from a simpléunction, while the flux reductiondue to CO, is
derived from precomputed tables.

Reflection and transmission of a cloadd aerosol-ladernayer are computedusing the
o0-Eddington approximation. Fluxes are then computed using the two-stream adding
approximation. For a cloud layer, the optical thicknessis parameterizedas a function of
cloud water/ice amount and the effective particle size, whereas the single-scatteringaalbedo
asymmetry factor are parameterizedas a function of the effective particle size. The
parameterizationsare applied separatelyto water and ice particles. A maximum-random
approximation is adopted for the overlappiofclouds at different heights. Aerosol optical
properties are specified input parameters to the radiation model.

A special feature of this model is thalbsorptiondue to a number of minor absorption
bands is included. Individually the absorptiontioseminor bandsis small, but collectively
the effect is large, ~1@ of the atmosphericheating. Integratedover all spectralbandsand
all absorbersthe surface heating is computed accuratelyto within a few watts per meter
squaredof high spectral-resolutioncalculations,and the atmosphericheating rate between
0.01 hPa and the surface is accurate to within 5%.

A complete computer code of the CLIRAD-SW model with sample calculationsis
available ahttp://climate.gsfc.nasa.gov/~chou/clirad_sw
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1. INTRODUCTION

Solar radiation ighe ultimate sourceof energyfor the Earth’s climate. A small error
in heatingrate calculationsmight induce large errorsin model-simulatedclimate. It is very
important that solar heating is calculated accurately in an atmospheric model, nédrotilg
total heating but also fathe horizontal and vertical distributions of the heating. One of the
major difficulties in the calculation of atmospheradiative heatingis that it requiresa huge
amount of computing time using detailed spectral and angular integrations. Théeasoé
thousandsof molecularlines acrossthe spectrum. The half-width of a line is ~0.05 cm™ in
the tropospherewhich is much narrower than the mean spacingof lines. As a result, the
absorptioncoefficient varies rapidly with wavenumbers. Detailed spectral integration of
radiative transfer requires >1€pectral points. When scatteridge to clouds and aerosolsis
involved, angular integration becomesthe major computational burden. Adding to the
complexity of the radiative transfer calculationsare the overlapping of absorptiondue to
multiple absorbers, the overlapping of clouds at various heights, anddbBeangesof cloud

microphysical and optical properties.

There are severalsolar radiation parameterizationsith various complexities available
for usein atmosphericmodels (Fouquartet al., 1991 and the referencestherein). At the
NASA/Goddard SpaceFlight Center, Climate and Radiation Branch, we have developeda
model for solar radiative transfer,which can be traced back at leastto the past10 years.
Depending upon the spectralpropertiesof absorbersand scatterersas well as the heights
where heating is important, various parameterizationsare applied. This model has been
applied to the various atmospheric model used inGbddaradLaboratory for Atmospheres,
which include a general circulation model (Koster and Suarez, 1998¢sascalanodel, and
a cloud ensemble model (Tao et al., 1998his NASA TechnicalMemorandumdocuments

the detailed treatment of the solar radiative transfer in the model.
2. SPECTRAL BANDS

Table 1 shows the spectral bands of the solar radiation model. diteeeaht bandsin
the ultraviolet and visible region (v>14280 cm™) and three bands in the infrared region
(v<14280cm™). Also shownin the table are the absorbersand scatterersincluded in the

calculation of solar fluxes in each band, as well as the equations used for computing the



Table 1. Gaseous absorption and Rayleigh scattering in the broadband radiation
parameterizationgnd the equationsused for transmittanceand flux calculations.

Clouds and aerosols are included in all bands.

Band Spectral Range Absorber/ Equation
Scatterer
(cm’) (Hm)
1 (44440-57140) (0.175-0.225) O, 3.12
Rayleigh --
2 (40820-44440 (0.225-0.245 O, 3.12
35700-38460) 0.260-0.280) Rayleigh --
3 (38460-40820) (0.245-0.260) O, 3.12
Rayleigh --
4 (33900-35700) (0.280-0.295) O, 3.12
Rayleigh --
5 (32260-33900) (0.295-0.310) O, 3.12
Rayleigh --
6 (31250-32260) (0.310-0.320) O, 3.12
Rayleigh --
7 (25000-31250) (0.320-0.400) O, 3.12
Rayleigh --
8 (14280-25000) (0.400-0.700) O, 3.12
H,O 3.12
Rayleigh --
9 (8200-14280) (0.70-1.22) H,O 3.11
O,* 3.12
Rayleigh --
10 (4400-8200) (1.22-2.27) H,O 3.11
Rayleigh --
11 (1000-4400) (2.27-10.0) H,O 3.11
Total Spectrum O, 3.16
Total Spectrum Cco, 3.19; 3.24

* O, absorption is folded into Band 8



transmissionfunction. The first eight bands involves the O, absorption and Rayleigh
scattering. Band 8 also includes the weak absorption due to water vapor. Vaingkof the
O, absorptioncoefficient, the water vapor absorption coefficient, and Rayleigh scattering
coefficient are useth eachof the 8 bands. Bands9-11 include the watervapor absorption
and Rayleigh scattering. Water vapor absorptionin thesebandsis significant, and the k-
distribution method is used. Band 9 also includes the weab$&brption. The&D, absorption
in this band is folded into the absorption in Band®he absorptiondue to O, and CG, is of
secondaryimportance but occur in wide spectral ranges. Different approacheswhich

compute only the reduction in fluxes are used. Clouds and aerosols are included in all bands.
3. GASEOUS ABSORPTION
3.1 High spectral-resolution calculations

The absorption coefficients of water vap@x, and CO, vary rapidly with wavenumber.
Parameterizations for the absorption due to thggssesare basedon line-by-line calculations
using the latest (1996) version of the molecular line parameters compifdelGat (Rothman,
1987). The shape of an absorption liseassumedo follow the Voigt function. The Voigt
half-width is a function of pressurégemperatureand wavenumber. Becausethe shapeof the
far wingsof a line is not well known, the absorptioncoefficient of a molecularline is setto
zero at wavenumbers>10 cm™ from the line center. The spectralresolutionof the line-by-
line calculationsis 0.002 cm®, which is adequatefor solar flux calculations. The O,
absorption coefficient varies by several orders of magnitude in the UV and visgtans but
rather smoothly with wavenumber. Absorption due to O, is computedwith a resolution of
~0.003 um. The absorption coefficient is interpolated from the spectral values giVéxan
(1985). The effect of pressureand temperatureon the O, absorptionis small and, hence,

neglected.
3.2 The k-distribution method

The width of an absorptionline of watervapor,O, , or CO, is much smaller than the
average spacing between absorptiioes. It decreasedinearly with decreasingpressureand
is only ~0.05 cm™ in the lower troposphere. As a result, the absorption coefficient varies

rapidly within narrow spectralintervals,and accurateradiative transfer calculationsrequire a



high spectral resolution. For the casfewatervapor absorption,the high resolutionline-by-
line method requires flux calculations at >Bpectral points. For an atmospheric laydrere
temperature @ and pressure p can be assumedconstant,the wavenumberswith the same
absorptioncoefficient are radiatively identical and can be treatedas one entity. Fluxes at
thosewavenumberswith the sameabsorption coefficient need to be computedonly once.
Therefore, flux calculations can be greasiynplified by grouping the wavenumberswith the
sameabsorption coefficient. Within a small interval dv where the spectral variation of
insolation (incoming solar radiation) is small, the integratiorilwtes over wavenumbersan
be replacedby that over the absorptioncoefficient. The meantransmissiorfunction of the

interval dv can be written as

© n
T(W) = J’e‘k"(p'e)wdv/ oV = Ie"“”g(k; p.6)dk =Y a(p, g)e kW (3.1)
ov 0 1=1

whereW is the absorber amourk,, is the absorption coefficient #te wavenumberv, g is
the k-distribution density function (cf. Arking and Grossman, 1972) such thafraélcgion of
spectrum with the absorption coefficient betwden dk /2 and k + dk / 2 is g(k)dk, and g

[=0(k )AK;] is the Kk-distribution function. Chou and Lee (1996) has shown that the k-
distribution method requiresonly 10 valuesof k (i.e. n=10) for accuratecalculationsof
solar heatingdue to water vapor using the k-distribution method, insteadof >10° spectral

points using the line-by-line method.

In the atmosphere where pressure and temperature change with height, the
wavenumberswith a common absorption coefficient at a given height will not necessarily
havea common absorptioncoefficient at other heights. Thesewavenumbersare no longer
radiatively identical, and the Kk-distribution method cannot be used without applying
assumptions. Pressureaffectsthe width of a molecularline. Near the centerof a line, the
absorptionis strong, and flux calculationsare not sensitiveto errors in the absorption
coefficient. Distantfrom line centersthe absorptioncoefficient varies nearly linearly with
pressure. On the other hand, temperatureaffectsabsorptionprimarily through its effect on
the line intensity, which is constantfor a given line. Thus, the temperatureeffect on
absorption is rather smooth with respect to wavenumitehasbeenshownby Chou (1986)
that fluxes can be calculatedaccuratelyusing the one-parameterscaling for the absorption

coefficient,



k,(p.6) = kv(pryer)épﬁgnf(eﬁr) (3.2)

where p, is the referencepressure,, is the referencetemperaturem<1, and f(6,6,) is
the temperature scaling function. As explainedCimou (1986), the optical path betweenthe
top of the atmosphereand the middle and lower troposphereis large near the center of
absorptionlines. It follows that solar fluxes in the middle and lower troposphereare
primarily attributable to the spectral intervals between absorption lines, and the wing-
approximation of (3.2) can be applied to accuratmynputefluxes. In the stratospherethe
solar heating due to water vapor and O, is small, and underestimationof the absorption
coefficient induced by the use of (3.2) daest havea significant effect on the heatingrate.
In the upper troposphere, the absorption is neither strong nor aedkhe error induced by
the scaling is expected to have a large impact on flux calculations. Howewerchoose p,
to be the upper troposphericpressurethen p/ p, =1 in the upper troposphere,and the
scaling introduces only a small error in tAbsorptioncoefficient. It hasbeenfound (Chou,
1986) that the solar fluxes can be computed accurately by choosing p,=300 hPa and
m=0.8. Flux calculations are not sensitivity to for 0.7<m<0.9. The effect otemperature
on the absorptionof solar radiation is weak. For the absorptiondue to water vapor, it is

approximated by
f(6,6,)=1+0.0013%6-6,) (3.3)

where 6,=240 K. For the absorption due tg,@nd CO,, the temperatureeffect is neglected,
i.e. 1(6,6,)=1.

Using the scaling of (3.2), Equation (3.1) becomes

TW) =y a(p.6)e™" (3.4)
=1
where
_opd’

Thus, the scaling of the absorptioncoefficient is reducedto the scaling of the absorber
amount. The mean transmissiongiven in (3.4) is independentof wavenumber,and flux

calculationsare greatly simplified. It is noted that the physical basisfor the k-distribution



method with the one-parametemressureand temperaturescaling is the same as for the
correlated k-distribution method (Wang and Ryan, 1983; Goody et al., 1989; Lacis and
Oinas, 1991; Fu and Liod,992; Mlawer et al., 1997), i.e., the dominanteffect of line wings
on the absorption. The correlated k-distribution method correlatesthe valuesof k at
different pressureand temperaturethrough table look-up. The Kk-distribution method with
the one-parameter scaling correlates valofek through (3.2). The accuracief thesetwo

approaches are comparable, but the latter is much simpler than the former.
3.3 Absorption due to water vapor in the infrared (Bands 9-11)

Figure 1a shows the spectral distribution of the water vapor transmissiotion of the
entire atmosphericcolumn in the vertical direction averagedover 10 cm*. The atmosphere
used is typical of mid-latitude summer conditions (Anderson et al., 1986). It shawsater
vapor absorptionvaries strongly with wavenumber. The k-distribution method is usedto
parameterizenvatervapor absorption. For a spectralband with a width Av, the direct solar

flux at a given pressure levgd can be written as

F(w) = Ie‘kvws,dv (3.6)
Av

where S, is the extraterrestrialsolar flux density at the wavenumberv multiplied by the
cosineof the solar zenith angle, k is the absorptioncoefficientat p, and 6,, and w is the
scaled absorber amount, given by (3.5), above the pressuredemed in thedirection of the

solar beam. The flux-weighted mean transmission of a band is given by

T(w) = (e “"Sdv/ [Sdv (3.7)
A

If we divide a spectral band intm small intervals and applthe k-distribution method

of (3.4), Equation (3.6) becomes
n [Jm

m U O
F(w) = Ofe™ deD— Av; Ee kW (3.8)
JZlSﬁ Hi[ 2 BZ 3,5

whereS]- is the mean flux density at the top of the atmosphere in the intér\vJaI & j is the

k-distribution function in the spectral intervAlvj, n is number ofk-intervals, and
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Figure 1. Spectral distribution of the transmission function oktitee column of a mid-latitudesummer
atmosphere in the vertical direction averaged over tHfomwater vapor, @ O,, and CQ.

Av =12 Av, (3.9)
> &
By defining
h = zai’jS]Avj IS (3.10)
=1

which is the flux-weighted k-distribution function g =300 hPa andd, =240 K, Equation

(3.8) becomes
F(w) = S e kv (3.11)
%;h

where § is the total insolation at the top of the atmosphere(=extraterrestrialsolar flux

multiplied by the cosine of the solar zenith angle). Equation (3.11) is appliemhtputethe



watervapor transmissionfunction in the infrared (Bands9-11). Fluxes are computedfor
eachk;, and the total flux is the sum of the#exes weightedby the k-distribution function.
Table 2 gives the values &f and thek-distribution function used in the three IR bands.is
noted that if n is smallerthan 10, say, 7, the calculatedheating rate profile will oscillate
strongly with height, as shown in Figureol Chou and Lee (1996). It is also noted that the
reason for dividing the infrared intiiree bandsis the large changewith wavenumbeiin the

cloud and aerosol optical thickness and single-scattering albedo.

Table 2. The flux-weighted -distribution function of water vapoR, in the infrared forp, =300 hPa and
6,=240 K. Sum of allh values is 0.52926. The unit of the absorption coefficikntis g* cn?.

K-Interval k h (Band 9) h (Band 10) h (Band 11)
1 0.0010 0.20673 0.08236 0.01074
2 0.0133 0.03497 0.01157 0.00360
3 0.0422 0.03011 0.01133 0.00411
4 0.1334 0.02260 0.01143 0.00421
5 0.4217 0.01336 0.01240 0.00389
6 1.3340 0.00696 0.01258 0.00326
7 5.6230 0.00441 0.01381 0.00499
8 31.620 0.00115 0.00650 0.00465
9 177.80 0.00026 0.00244 0.00245
10 1000.0 0.00000 0.00094 0.00145

3.4 Absorption due to water vapor in the PAR region (Band 8)

The absorptiondue to water vapor in the photosyntheticallyactive radiation (PAR)
region between14280 cm* and 25000 cm* (Band 8) is weak (Figure 1a), and the mean

transmission defined by (3.7) can be approximated by

T(w) = I(l—kvw)s,dv/ IS,dv=1—RW:e'RW (3.12)
Av Av

wherek is an effective absorption coefficient, amd is the scaledwater vapor amountgiven
by (3.5). Using the line-by-line method, the mean transmissionfunction T(w) given by
(3.7) is first computedat 300 hPa and 240 K for a large range of w. For each w, an

effective absorption coefficient is then computed by inverting (3.12),

k(w) = —V—lvln T(w) (3.13)



The valueof k is found to rangefrom 0.00065 to 0.00080 g* cn?, and a mean value of

0.00075 ¢ cnt is used to compute the water vapor absorption in Band 8 from (3.12).
3.5 Absorption due to O, in the UV and PAR regions (Bands 1-8)

The eight bandsin UV and PAR spectralregions as shownin Table 1 are relatively
narrow. The range of the O, absorptioncoefficient in each band is small and the mean
transmissionfunction can also be approximatedby (3.12). By dividing the UV and PAR
regionsinto 127 narrow bandswith a width of ~0.003 um and using the O, absorption
coefficient given in WMO (1986), the mean @ansmission function is computébm (3.7).
The sameproceduresdescribedabove for the determinationof the effective water vapor
absorptioncoefficient is applied to derive the effective O, absorption coefficient, which is

given in Table 3. It is noted that the effect of temperature and pressure opnahsagption

Table 3. The spectral range, fractional solar flux, effective ozone and water vapor absorption coefficients,
and Rayleigh scattering coefficient. Sumf S is L

Band S/'§ O, Absorption H,O Absorption Ray. Scattering

Coefficient Coefficient Coefficient
(cm-atm)* (g* cn) (hPa’)
uv-C
1 0.00057 30.47 0.00604
2 0.00367 187.24 0.00170
3 0.00083 301.92 0.00222
uv-B
4 0.00417 42.83 0.00132
5 0.00600 7.09 0.00107
6 0.00556 1.25 0.00091
UV-A
7 0.05913 0.0345 0.00055
PAR X
8 0.39081 0.0572 0.00075 0.00012
Near IR
9 0.32055 See Table 2 0.0000156
10 0.16536 See Table 2 0.0000018
11 0.04335 See Table 2 0.0

* Enhanced by the Qabsorption in Band 9.



is small, and the one-parametescalingis not appliedto the O, amount. Also shownin the
table is the ratio of the extraterrestrialsolar radiation of each band to that of the total
spectrum,S/ §,. Equation (3.12) is applied to compute transmissiondue to O, in Bands
1-8.

3.6 Absorption due to O, in the infrared

As shownin Figure 1b, the absorptiondue to ozonein the near infrared (Band 9) is
restricted to anarrow spectralregion next to Band 8 whereabsorptiondue to watervapor is
weak. However,the absorptiondue to watervapor in the rest of Band 9 is not necessarily
weak. Thus, calculationsof the ozone heatingin the near infrared would require adding
another band in theroadbandradiation model. Becausethe absorptiondue to watervapor
and Q is weakin Band 8, the O, absorptionin Band 9 can be folded into the absorptionin
Band 8 asif it were the absorptiondue to anotherabsorber. To do so, the effective O,

absorption coefficient of Band EE is replaced by
k = kg + Ak (3.14)
where Ak satisfies

(1—e‘A""") [Sdv= I(l—e_kvw)s,dv (3.15)
Avg Avg
so that the absorption of solar radiation doeD, in the nearinfrared is correctly computed,
where W is the ozone amount, and Avg and Ay, are the widths of Bands8 and 9,
respectively. For a wide range of W found in the atmospherethe value of Ak ranges
between0.0032 and 0.0033 (cm-atm),»'. Therefore,the ozone absorption coefficient in
Band 8 is enhanced by 0.0088m-atm),* to take into accountthe absorptionby ozonein
the infrared. The O, absorptioncoefficient of Band 8 givenin Table 3 includes this extra
absorption. This approachto computing the ozone absorptionin the nearinfrared requires

no extra computing time.
3.7 Absorption due to O,

The absorption due to,@ccursin narrow spectralintervals,but is not necessaryweak

near band centers(Figure 1c). Using the line-by-line method, Chou (1990) computedthe
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mean Q transmission function in thé and B bands centered at 13150 tiand 14510 cm*

and fit the transmission function by a square-root approximation,
T(w)=e W (3.16)

The absorptionin the weak bands centeredat 7890 cm® and 15870 cm™ was not
included. To include the absorption in all those batiis meantransmissiorfunction of O,
at p,=300 hPaand 6,=240 K in the spectralregions 7600-8050, 12850-13190,14310-
14590, and 15730-15930 ¢nis computed from (3.7) using the line-by-line methadd the
effective mean absorption coefficiektis computed from
1

k(w) :_\M

InT(w) (3.17)
The valueof k varies between0.000135 (cm-atm);+*? and 0.000155 (cm-atm)s*? for a
large range of the scaledO, amount, w, encounteredn the atmosphere. A mean value of

0.000145 (cm-atm),"? is used in the broadband radiation model.

The O, absorptionbands are located betweenwater vapor absorption bands. Thus,
water vapor has little effect on the solar heating due,tol@stead of computing fluxes the

O, bands, the reduction in fluxes due tg d@bsorption is computed from

AF(w) = 5(1— e"‘VW) (3.18)

The insolation, S, in the spectral regions 7600-8050, 12850-13190, 14310-14590, and
15730-15930 crhis 6.33% of the total solar flux at the top of the atmosphere.

The O, transmissionfunction, Equation (3.16), is similar to that used by Kiehl and
Yamanouchi(1985), exceptthe pressurescaling of (3.5) is different. It is band-averaged,
does not follow Beer’s law, and, hence, cannot be appligtle d-Eddington approximation
for multiple-scattering calculations. We apfl§.16) only to clear atmospheres.For cloudy
atmospheres, a simple scaling approach is used to compuf® tteating,which is addressed

in Section 6.4.
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3.8 Absorption due to CO,

The absorption due to G@ small but overlaps significantly witthhe absorptiondue to
water vapor in certain spectral regions (Figures la and Bgl)assumingthat CO, heatingin
the stratosphere is not importafthou (1990) computedthe reduction of fluxes due to CO,
based on the pressure scaling of (3.5) and ignoringab&orption in the weak bands&400
cm™* and 7000 cm™ and in the strong 2300 cm™ band, where the insolation is weak. A
deficiency of this approachis that the heating rate in the upper stratospherewas greatly
underestimated due to the use of the pressure scalingdemonstratehe importanceof the
CO, heating in the stratosphere, Figure 2 shows the line-by-line calcuiatdohg rate profile
(solid curve) in the spectral region 2200-2400 cm* and 3500-3760 cm®, where CO,
absorption is strong. The heating rate increases from 1 “€Caddy1 hPa to 4.5 °C day’ at
0.01 hPa . For an atmospheric model which extendsgoniddle atmosphereit is desirable

to include this large heating.

10°

Figure 2. The effecdf CO, absorptionin the spectral
regions 2200-2400cm™ and 3500-3760cm™ on the
solar heating.  Overlapping with water vapor
absorption is included in the calculations@®, effect.
The solid curve is line-by-line calculations,and the
dashed curve is the parameterization using the
precomputedtable of AF(p,/ H,, P) given by
(3.19). The CQconcentration is set to 350 pprand
the solar zenith angle is set to 60°.

10k

10° E .
i 4/ Parameterization

10' |

Pressure (hPa)

-1.0 0.0 1.0 2.0 3.0 4.0 5.0
Heating Rate (C/day)

In the 2200-2400 cihband, water vapor absorptionrnggligible; whereasn the 3500-
3760 cm* band, watervapor absorptionis very strong in the tropospherebut weak in the
stratosphere, anthe effect of CO, on the troposphericheating can be neglected. It follows
that the absorption due to G these spectral regions is not sensitivavatervapor amount,
and an averagewatervapor path can be usedin the parameterizatiorfor the flux reduction
dueto CO, By usinga fixed watervapor path,the CO,-induced flux reduction at a given

pressure level becomes a function only of the, €ahcentration and the solar zenith angle,
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AF(pC / Mo, P) :J'e‘Tw(p)[l_ g Tc(Pc/Ho.P) S/dV (3.19)

where
1 p
T,(p) == j k,(p)d(p)dp (3.20)
M9+
0 p
Te(Pe ! Ho,P) ==y, (P)dp (3.21)
Ho95

k and y are the absorption coefficients of water vapad CO,, p. is the CO, concentration
independentof space,q is the water vapor mixing ratio of a typical midlatitude summer
atmospherel, is the cosineof the solar zenith angle,and U is takento be 0.5. Using the
line-by-line method, a table for AF(p./ U,,p) normalized by § is precomputed for
p. | U, ranging from 250 ppmv t8300 ppmv and p ranging from 0.01 hPato 1000 hPa.
The CQ heating in 2200-2400 ¢mand 3500-3760 ciderived from theprecomputedtable
of AF(p,/ Uy, p) is shown as the dashed curve of Figure 2. It agrepswell with the line-

line-line calculations (solid curve).

For computing the COheating outsidehe strong bandsat 2200-2400cm™* and 3500-
3760 cm*, the approachof Chou (1990) is followed. Similar to (3.6) and (3.11), fluxes in
the CQ bands are given by

n m
F(w,u) :Ie‘("VWWV“)S,dv =5y 5 h,e (3.22)
ShE

wherew and U are the scaled water vapor and ,Gounts, and},j is the flux-weighted k-

distribution function with the absorption coefficients k; and yj for the two absorbers,
respectively. Equation (3.22) requires (mxn) setsof flux calculations,which becomes
computationally very expensive when used in weather and climatels. Other approaches
than the K-distribution method have to be used for efficient flux calculations when

overlapping of absorption is involved.

The reduction in transmission due to £&bsorption can be expressed as

AT(w,u) = J’e‘ka(l— e"")S,dv/ [Sydv (3.23)
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Since AT(w,u) is a function only of w and u, it is pre-computedusing the line-by-line
method for large ranges ¥ and u encounteredn the atmosphere. The integrationis over
the total solar spectrum. The absorption due tg IB@200-2400cm™ and 3500-3760cm’,

is excluded in computinddT(w,u). Fluxes in Band 10 are then simply computed from
F(w,u) = F(w) — §AT(w,u), (3.24)

where F(w) is computed from (3.11).
4. MOLECULAR AND PARTICULATE SCATTERING
4.1 Rayleigh scattering

Rayleigh scatteringdecreasesvith decreasingvavenumberaccordingto ~v*. Spectral
valuesof Rayleigh scatteringextinction coefficient are taken from a World Meteorological
Organizationreport on atmosphericozone (WMO, 1986). For eachof Bands1-10, a mean
effective Rayleigh scatteringoefficient is computedaccordingto the sameproceduresasin
the computation of thenean effective watervapor absorptioncoefficientin the PAR region,

(38.13). The Rayleigh scattering coefficients for Bands 1-10 are given in Table 3.
4.2. Cloud and rain single-scattering properties

Radiation routines for atmospheric models usually use arigw broad spectralbands,
with effective optical properties parameterizedfor each band. The single-scatteringco-
albedo,1- w,, variesby severalordersof magnitudein the solar spectrum. It is, therefore,
difficult to derive an effectivew for a broad spectral band that da@ appliedto both strong
and weak absorptionsituations. There are a number of approachego deriving w. Slingo
and Schrecker(1982) derived w by weighting w, with the solar insolation and linearly
averagingover a spectralband. Espinozaand Harshvardhan(1996) used a square-root
approximationto derive w. Fu (1996) useda mix of linear and logarithmic averaging
dependingon the strengthof absorptionin a given spectralband. The absorptionof solar
radiation by cloudsdependsnot only on w, but also on water vapor and cloud ice/water
amounts. It is clear that no optimal method hasbeen found for deriving w over a broad

band. It canonly be empirically determinedbasedon the amountsof cloud particlesand
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water vapor encountered in tlarth'satmosphere. Let us define the linear and logarithmic

averaging over a band as

1-w)=Y (1-w,)B,SAv/ Y B,SAV (4.1)

logl-w"') = Z log(1- w,)B,S,Av/ zBVS\,Av (4.2)

where S, is the solarinsolation at the top of the atmosphere(TOA), and Av is a narrow
spectralinterval where optical propertiescan be treatedas constants. The effective mean

single-scattering co-albedo of a band is then computed from
Ql-w)=nl-w)+1-nNl-w") (4.3)

where 1 is the weightranging from 0 to 1. The weight 17 should be closeto 1 for the
spectral bands with weak absorption aftbuld decreaseas absorptionincreasesChou et al.
(1997) determinedempirically the weightin the various spectralbandsthat minimize errors

in flux calculations.

Compared tow,,, the extinction coefficient (3,) and the asymmetryfactor (g,) vary
rather smoothly with v. Their effective mean values over a wide spectral band can be

accurately approximated by
B=5 B,SAvIH SAv (4.4)
9=>% g,w,B,84v/ Y w,pB,SAv (4.5)

Theoretical considerationsand radiative transfer calculations have shown that cloud
single-scatteringproperties are not significantly affected by details of the particle size
distribution and can be adequatelyparameterizedas functions of the effective particle size
(Fu, 1996; Hu and Stamnes,1993; Tsay et al., 1989). Following Slingo and Schrecker

(1982), we parameterize the single-scattering properties for a broad spectral band by

B=a,+a/re (4.6)

1-w=h, +br,+br2 (4.7)
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g=C, +Clo +Cr (4.8)

wherea, b, and c areregressioncoefficients,and r, is the effective particle size defined to
be proportional tahe ratio of the total volume of cloud particlesto the total cross-sectional

area, A, of cloud particles. For spherical water droplets, the effective size is given by

r, :Er3n(r)dr /jjrzn(r)dr = o A (4.9)

where g, is the density of water. For hexagomag crystalsrandomly orientedin spacethe

effective size is shown by Fu (1996) to be

[=23C (4.10)

3o A
where p; is the density of ice, and C is the cloud water/icemass concentrationper unit

volume. The cloud optical thickness,, is then given by
T, =pCz (4.11)
where Z is the geometric thickness of a cloud layer.

The size,shape and refractiveindices are different for ice crystalsand water droplets.
The extinction coefficient of ice clouds is smaller than that of water clouds becauseice
crystalsare much larger than water droplets. The single-scatteringalbedo and asymmetry
factor of ice clouds and water clouds are also different. Therefore, we parameterizethe

single-scattering properties separately for ice and water clouds.

The spectral dataw,,, B8,, and g, calculatedby Fu (1996) for ice cloudsand by Tsay
et al. (1989) for water clouds are used to dedwef3, andg from (4.1)-(4.5) as functionef
phaseand size. By assuminghexagonalice crystalsrandomly orientedin spaceFu (1996)
computed the single-scatteringparametersof ice clouds using the improved ray-tracing
method of Yang and Liou (1995). A total of 28 size distributions derived from in situ
aircraft measurementsvereusedin the calculationswhich included samplesfrom the FIRE
(First ISCCP Regional Experiment) and CEPEX (Central EquatBaalfic Experiment)field
campaigns. Theneaneffective size of ice crystals, r;, rangesfrom 20 um to 130 um. For

water clouds, the single-scattering parameters of 5 water cleedscomputedby Tsay et al.
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(1989) from the Mie theory assumingsphericaldropletsand a log-normal size distribution.

The effective radius of water droplets,, ranges from 4 um to 20 um.

Figures 3-5 show the results of regression using (4.6)-(4.8). The coeffi@emsand
c are shownin Tables4-6, respectively. It can be seenin Figure 3 that the extinction
coefficient varies weakly with spectral band but strongly with particle size.laFge particles,
it is independent of wavelength for both water anddieids. The resultsshownin Figure 3
for ice clouds are indistinguishableamong the four bands. Due to a large particle size, the
extinction coefficient of ice cloudsis significantly smaller than that of water clouds. It is
interestingto note that in spite of a large differencein the particle size distribution, the ice
particle extinction coefficients for the 28 clouds nearly fall onto a single curve of (4.6).
Figure 4 showsthe single-scatteringco-albedoof Bands9-11. The single-scatteringco-
albedo of Band 1-8 is very small (éSJ)(Hnd is setto 0. For a given particle size,the single-
scattering co-albedo varies by 3 orders of magnitude amonthteelR bands. For a given
spectralband, it is ~ 8 times larger for ice clouds than for water clouds. The asymmetry
factor, shown in Figure 5, varies between 0.78 and 0.9diffarent bandsand particle sizes.
Since the shape of size distribution has little effect on the single-scatpedpgrties(Hu and
Stamnes,1993; Slingo and Schrecker,1982), the resultsshownin Figures 3-5 should be

representative for a wide range of clouds with various particle size distributions.

For rain drops, a single drop-size distribution is used to compute the spectral
distribution of the single-scatteringproperties. Fu et al. (1995) used a truncated constant-
slope gamma function (Manton and Cotton, 1977) with a minimum size of 60 pum, a
maximum size of 1800 um, and a mean effective size of 162 um to compute the single-
scatteringproperties.The mean effective extinction coefficient, single-scatteringco-albedo,
and asymmetry factor for the 11 spectral bands are shown in Tables 4-6.aréfspplied to

all other drop-size distributions. The results are provided to us by Prof. Qiang Fu

4.3. Aerosol single-scattering properties

The aerosoloptical thickness,single-scatteringalbedo, and asymmetryfactor are not
parameterized. They need to be specifisdunctions of height and spectralband for input
to the radiation routine.
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Table4. Coefficients @, and &, of the parameterizationEquation (4.6), for the cloud extinction
coefficient. The units ofy, and & are, respectively, ig* and ni g* pm.

Ice Cloud Water Cloud Rain
Spectral Band
Ay & Ay & Ay &
1-8 3.33e-4 2.52 -6.59e-3 1.65 3.07 e-3 0.0
9 3.33e-4 2.52 -1.01le-2 1.72 3.07 e-3 0.0
10 3.33e-4 2.52 -1.66e-2 1.85 3.07 e-3 0.0
11 3.33e-4 2.52 -3.39%e-2 2.16 3.07 e-3 0.0
0.14 ‘ ‘ 0.6 ‘ ;
7"\ Ice Clouds Water Clouds
& 0.12F B 05[ 1
S
; 0.10F 1 o4l ]
fQj 0.08F ] 3
E 0.3[ + Band 1-8 ]
S o.08f 1 i 2 band 0 ]
c 020 A Band 11
S o.04r 1
é 0.02F ] oir ]
X5 [
0.00 ! L L L L 0.0 I | !
0 20 40 60 80 100 120 140 0 5 10 15 20 25
ry (um) r, (um)

Figure 3. The extinction coefficient of ice and water clouda famction of the effective particle size.
I, andr, are,respectivelythe effectivesizeof ice andwaterparticles. The datapoints are
derived from Equation (4.4), whereas the curves are the regression using Equation (4.6).
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Figure 4. The single-scattering co-albesfdce andwater cloudsas a function of the effective particle
size. I; andr,, are, respectively, the effective size of ice and water particles. Thpalata are
derived from Equations. (4.1)-(4.3), whereas the curves are the regression using Equation (4.7).
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from Equation (4.5), whereas the curves are the regression using Equation (4.8).
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5. SURFACE ALBEDO

The surfacealbedois an input parameterand is separatelyspecified for the UV and
PAR region (Bands1-8) and the infrared (Bands 9-11). It is also separatelyspecified for
direct and diffuse fluxes. Therefore, a sétfour surfacealbedosmust be specifiedasinput
to the radiation routine.

6. FLUX CALCULATIONS

As mentioned in the previous sections, single values of the gaseousabsorption
coefficients and particle single-scattering properties are used for edlbh bf bands,except
for the water vapor absorption coefficient in the IR region (Bands 9-11) where the K-
distribution method is used. Therefore, one set of fluxes in the atmosphea¢ thadsurface
are computed for each band in the UV and visiiglgions (Bands1-8), and 10 setsof fluxes
corresponding to 1@aluesof the watervapor absorptioncoefficient are computedfor each
of the IR bands (Bands9-11). Reflectivitiesand transmissivitiesof eachatmosphericlayer
are first computed using tleEddington approximation (Joseph et al., 197f&)xes are then
computed by using a two-stream adding methodafoompositeof layers. The total flux at
each pressure level and at the surface is the weighted sum of these fluxes,

38
F(p)zzwiFi(p) (6.1)
=

where (f; is the fraction of extraterrestrialsolarflux containedeither in one of the first 8
bands S/ § given in Table 3) or in one of the 30 k-intervals in theee IR bands(h given
in Table 2). The sum oty is 1.

6.1 Layer optical properties

For each atmosphericlayer and spectralband, the effective optical thickness,single-

scattering albedo, and asymmetry factor are computed from

T:zTi (6.2)
Z):ZQJ,TiIZTi (6.3)
E_J:Zgiwﬂ'ilzwlri (6.4)
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wherethe summationis over all gasesand particles, i . They include ozone, water vapor,
clouds, aerosols, and atmospheric gases (Rayleigh scatteiihg)single-scatteringalbedois
setto 1 for cloud scatteringin the UV and visible regions (Bands 1-8) and for Rayleigh
scattering in all bands, whereas itsistto 0 for ozone and watervapor. Cloud ice and water
particlesare allowedto mix in a layer. Absorptiondueto CO, and O, is treateddifferently

and is addressed in Section 6.4
6.2 Layer reflectivities and transmissivities

The transmissivity T and reflectivity R of a layer illuminated by a direct beam are
computed from thé-Eddington approximation as a function jaf and the optical properties
T, w, andg defined by (6.2)-(6.4). Kingnd Harshvardhar(1986) have shownthat errors
in transmissivity and reflectivity induced by this approximation are ~5%. For diffuse
insolation, the transmissivity T and reflectivity R are also computedfrom the d-Eddington

approximation but incident angles are approximated by a single value of 53°,
R~ R(u) (6.5)
T~T() (6.6)
where [1=cos(53°).

To evaluatethe errors induced by this approximation, we use the discrete-ordinate
multiple-scatteringalgorithm of Stamneset al. (1988) to compute the transmissivity and
reflectivity of a layer for variousincident angles. The diffuse transmissivityand reflectivity

are derived by averaging the direct-beam transmissivity and reflectivity ovsuli2l angles,

R= 2J’ R(u)udu (6.7)
0

T =2 T(1)udy (6.8)
0

where U is the cosine of the incident angle depart from the verti€lors inducedby (6.5)
and (6.6) are shown in Figure 6 for large ranges ofotttécal thicknessand single-scattering
co-albedo. Figure 6 showsthat the approximationintroducesan error < 0.02 in both the

reflectance and transmittance for wide ranges of the optical thickness asiddleescattering
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albedo, and an asymmetry factor of 0.8. For other values of the asynfawty resultsare

similar.
Reflectance Difference Transmittance Difference
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Figure 6. The left panel is the diffuse reflectivity computed from (6.5) minus that computed from (6.7).
The right panelis the diffuse transmissivitycomputedfrom (6.6) minus that computedfrom
(6.8). The cloud asymmetry factor is set to 0.85.

6.3 Two-stream adding approximation and flux calculations

Let us consider a layer divided into an uppablayer a and a lower sublayerb. The
direct-beam transmissivityf , the direct-beam reflectivityR, the diffusetransmissivity T, and
the diffuse reflectivity R of eachof the two sublayersare computedfrom the 3-Eddington
approximation. By separatingthe direct and diffuse componentsof the radiation, the
reflectivity and transmissivity of the layer when illuminated by direct radiation can be

com