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Introduction

The most Atmospheric Radiation Measurement (ARM) clear- and cloudy- sky radiation experi-
ments have been performed with broadband fluxes. Because the fluxes are integrated over
wavelength, it is difficult to understand the causes of unavoidable differences between calculated
and observed broadband fluxes in those experiments. Therefore for better understanding of the
mechanisms of cloud-radiation interaction, it is necessary to measure and calculate the spectral
distribution of solar radiation in the atmosphere. The comparison of spectral measurements and
calculations provides an excellent foundation to analyze the ability of different models to
compute the solar irradiance.

Over the last decade a suite of spectral radiative transfer (RT) models has been developed at
Atmospheric and Environmental Research, Inc. (AER). The foundation of the suite of AER
models is line-by-line Radiative Transfer Model (LBLRTM) (Cloudh et al. 1992). The
numerically accurate Code for High Resolution Accelerated Radiative Transfer (CHARTS) was
developed to extend the capabilities of LBLRTM to treatment of clouds and aerosols in
horizontally-homogeneous atmosphere (Moncet and Clough 1997).

Under assumption of horizontally homogeneous atmosphere, the spectral fluxes with lower
spectral resolution can be calculated using the SMARTS2 (Gueymard 1995), SBDART
(Ricchiazzi 1998), and MODTRAN (Berk et al. 1989) RT codes. O’Hirok and Gautier
(1998, 2000) have suggested an algorithm of spectral radiation calculations capable of
incorporating 3D effects of real clouds on the basis of k-distribution method.

Stochastic RT approach has been shown to be a promising approach to simulating domain-
averaged shortwave radiation fields. Titov and Zhuravleva (1997) presented an efficient
algorithm for computing the mean spectral fluxes in the near-IR spectral range (with 10 to 20 cm’
! resolution), based on the solution of closed system of equations for mean intensity in a statis-
tically homogeneous Poisson model of broken clouds. The present work describes a modifica-
tion of this algorithm which uses expansion of the transmission function into the series of
exponents (method of k-distribution) to consider molecular absorption. Absorption coefficients
are calculated based on HITRAN-2000 spectroscopic database taking into account the filter
functions of Rotating Shadowband Spectroradiometer (RSS), 360 to 1100 nm, 1024 channels
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(see, e.g., Harrison et al. 1999). Also presented are the algorithms developed by ourselves to
calculate the spectral fluxes of solar radiation under conditions of clear-sky and overcast
horizontally homogeneous clouds.

k-Distribution Method

To treat the molecular absorption, in this paper we use a modification of the method of exponential
series as described in (Firsov et al. 2002). The effective transmission function associated with
molecular absorption in the spectral interval AA=(A4;,42) can be represented as

A
Taz(m I F*(A)1o(A)T (m ﬂ)dl/o s loar= [ Fr(A)1p(2)d2 (1)

A

Here F*(A) is the point spread function, which is largely determined by the filtering bandpass

Hatm
F(4); lo(A) is the spectral solar constant; T(m,ﬂ,): exp{— m ij0| (/1, h)dh] is the
0
monochromatic transmission function in the vertically inhomogeneous Earth’s atmosphere;
Kmol(4, h) is the molecular absorption coefficient at the wavelength A and the height h; m is the
optical mass in the direction of Sun; and Ha is the top height of the atmosphere.

According to the ideology of k-distribution method, Tx 4 (m) can be converted to the form

0 0 i=1 0

1 Hatm Hatm
Tas(m jexp -m jkghdh dg = ZC exp| —m jk gi,h)dh (2)

where K(g, h) is the effective absorption coefficient in the space of cumulative wavelengths g; g;
N

and C; are the nodes and coefficients of the Gaussian quadrature formulas; and »_C;j =1.
i=1

In order to avoid problems with taking into account the overlaps of different gas absorption
bands within K-distribution technique, in this paper we used the following calculation scheme:

e for prescribed meteorological conditions (pressure, temperature, and concentration of
absorbing gases) we calculated the molecular absorption coefficients by the line-by-line
(LBL) method

¢ using these results, and taking into account the spectral dependence of solar constant lo())
and filter function of recording instrument F(A), we then calculated the effective absorption
coefficients and coefficients of Gaussian quadratures by the k-distribution method.
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The results obtained with the approach described above were compared with benchmark
calculations of upward and downward fluxes with 500 cm™ spectral resolution (Fomin and
Gershanov 1996). Spectral line parameters were taken from HITRAN-92 and HITRAN-2000
data base versions (http://www.hitran.com), while the solar irradiance data are from
LOWTRANT7 (Kneizys et al. 1996). The continuum absorption was calculated according to
CKD24 model of Clough et al. (http://rtweb.aer.com). The vertical profiles of temperature, air
pressure, and concentrations of atmospheric gases (H,0, CO,, O3, CH4 etc.) were specified
according to AFGL meteorological model for midlatitude summer (MLS) (Anderson et al. 1986).

For the 10,000 to 10,500 cm™ (952 to 1000 nm) band our calculations of transmitted radiation in
a purely absorbing atmosphere, calculated by LBL and k-distribution method and results of
Fomin and Gershanov (1996), obtained by LBL method using HITRAN-92, agree to within
0.1%. As the number N of quadratures grows, the accuracy of k-distribution method increases:
the relative difference changes from ~1% at N=4 to ~0.1% at N=10. The discrepancies in
downward fluxes, due to a change to HITRAN-2000, increase to ~2% at the underlying surface
level.

Effect of the Filter Function

Before proceeding to radiation calculations, we consider the effect of the filter function F(A). In
the spectral regions free of noticeable molecular absorption, different approximations of the real
filter function F(A) are often used (as a rule, in the form of a II-shaped profile). The presence of
absorption bands of atmospheric gases can radically change the situation, and the use of such
approximations in place of the actual filtering bandpass can lead to considerable errors in
radiation calculations.

We use the model reference line profiles corresponding to RSS, 1024 channels, approximated by
the truncated Gaussian function (ftp://oink.asrc.cestm.albany.edu/pub/RSS102):

F(%, 20) = expl (= 20 )/ w20 ) for 2= 2| < Ao max 3)

We estimate the error of transmission function T ; (m), arising due to replacement of reference
line profile (3) by its approximation in the form of [1-shaped profile :

51 =100%x (T4 (m)~T S84 (m))/ 7 5745 (m).

Results have shown that the o7 value increases with growing atmospheric gas absorption

(Figure 1). For solar zenith angle SZA = 75° it is #2% at A=591 nm and ~8% at A=761 nm; in
water vapor absorption band 940 nm the &1 values reach 25%; and at A=947 nm, o1 ~330%.



http://www.hitran.com)/
ftp://oink.asrc.cestm.albany.edu/pub/RSS102
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Figure 1. (a) Transmission of the purely gaseous atmosphere (LBL method): Gaussian filter
function (3) (curve 2), rectangular-shaped filter function (spectral width of rectangular filter
function equals that of Gaussian filter function at height exp(-1)) (curve 1). (b) Relative error

oT (%) of transmission function due to the use in the calculations of I1-shaped profile instead of

Gaussian filter function. SZA=75°. Here and in the Figure 2, the calculations are performed
using HITRAN-2000; solar constant at the top of the atmosphere is as given by Kurucz et al.
(1992); MLS model is used.

Simulation of Radiative Characteristics

To calculate the radiative characteristics Ry ; (flux, radiance), two methods can be used. The
first method is based on representability of Ry ; (according to formula (2)) in terms of the
sum’/

N
Raz = 2. CiR;.
i=1

Here R; is monochromatic radiation at a cumulative wavelength gj, corresponding to the ith set of
effective molecular absorption coefficients k(gi , h), 1<i< N, which can be calculated based on

some or another method of solution of RT equation.

To calculate the spectral radiative fluxes R;, 1 <i < N, in horizontally homogeneous clear-sky
and cloudy atmosphere, we used the Monte Carlo method (Marchuk et al. 1976). Photon
trajectories were modeled in the medium consisting of clouds, aerosol, and air molecules using a
standard method. Within the wavelength interval AZ, i.e., for 1 <i <N, the optical
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characteristics of clouds (cl) and aerosol (aer), as well as Rayleigh () scattering coefficients

were assumed constant. In the jth atmospheric layer, the scattering coefficients JQHX and

scattering phase function ¢ m|X( ) of mixture were defined by

O_;T]IJX _O_Slj +O_§ejr+o_“ ngT]IX(ﬂ) ( s Jgj ( ) aer( )g?er( +O_Jg )/O_mIX

where L is the cosine of the scattering angle.
The extinction coefficient of mixture at each ith step was varied according to the formula

mix,1 cl aer r [

o O'J +07] +0'J+kj,| I,...,N.

It was assumed that the incident radiation is reflected Lambertianly from underlying surface with
albedo A.

The second method of treatment of molecular absorption is based on idea of Van de Hulst and
Irvine (1963) that the scattering and absorption occur independently. In accordance with this
approach, the photon trajectory modeling in the medium is performed disregarding molecular

absorption, that is the extinction coefficient is defined as o‘m'X *=0%+ o;" +o;. Treatment of

molecular absorption at each collision point involves 1ntroduct10n of auxiliary statistical weight
of photon, which is determined by transmission function and decreases with growing absorption
optical path traversed by the photon (Marchuk et al. 1976).

Table 1 presents upward ( CIr) and downward ( CIr) fluxes of solar radiation, calculated by

methods I and II in the band 10,000 to 10,500 cm ! for N=4. The calculations are performed for
molecular-aerosol atmosphere and correspond to 50 and 51 ICRCCM cases (Fouquart et al.

1991). The accuracy of our calculations is not higher than 0.05-0.1%; the upward fluxes Fl

clr n

vicinity of underlying surface with A;=0.0 are calculated with accuracy 1.0-1.5%. The flux
calculations, made by the methods I u II, agree to within the calculation error.

For comparison purposes, Table 1 also presents the results of benchmark calculations of Fomin
and Gershanov (1996). When HITRAN-92 is used, disagreement between our Clr ( C,,) results
and benchmark calculations is due to the representation of transmission function in the form of
the sum of four exponents. Rather significant (> 0.15 W/m?) discrepancies in FcIr at z<3 km,

given in the third and fifth (respectively, in fourth and sixth etc.) columns of Table 1 arise due to
change from HITRAN-92 to HITRAN-2000.

The spectral fluxes in the cloudy atmosphere, calculated by both methods in the band 10,000 to
10,500 cm™ taking into account filter functions (3) are presented in Table 2. The cloud-
scattering phase functions were computed from Mie theory, with the gamma-size distribution
function for “wide” drop size spectrum (Feigelson 1981). As in the case of the clear-sky
atmosphere, the flux calculations, made by different methods, agree to within the calculation
error.
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Table 1. Fluxes of Upward/Downward Radiation FcTr (h)/ Fcilr (h) (W/mz) In Molecular Aerosol Atmosphere (maritime ) in the Band 10,000 to

10,500 cm’, Calculated by Ourselves Using Two Different Methods. Solar irradiance data are from LOWTRAN7 (Kneizys et al, 1996). The number of

terms in series in (2) N=4; MLS; SZA =30°.

As=0 As=0.8
Fomin (1996) Our Calculation Fomin (1996) Our Calculation
LBL Method | | Method 11 Method | Method 11 LBL Method | Method 11 Method | Method 11
h, km HITRAN-92 HITRAN-2000 HITRAN-92 HITRAN-2000
0 o _1 0 0 0 _ | 0 | 1857 __| 1848 __| 1848 _ | 1820 __| 1820 __ |
22.87 22.74 22.74 22.40 22.39 23.22 23.10 23.10 22.74 22.73
1 0.0592 0.061 0.0616 0.0599 0.0603 16.84 16.90 16.90 16.55 16.54
2496 T | 24.68 24.68 2440 T [ 2439 T [ 2521 T [ 2494 T 2494 T 2464 T | 2464 |
2 0.117 0.121 0.121 0.118 0.118 16.08 16.18 16.17 15.79 15.78
2679 T | 26.66 26.67 2643 T [ 2645 T | 2694 T | 2682 T [ 2683 T [ 2659 T | 2660 |
3 0.128 0.132 0.132 0.129 0.130 15.74 15.84 15.84 15.44 15.43
2823 T [ 2836 28.35 2821 T [ 2823 T [ 2836 ~ | 2851 T [ 2850 T [ 2835 T | 2837 |
4 0.142 0.146 0.146 0.142 0.143 15.57 15.68 15.68 15.27 15.27
2928 T [ 29.57 29.56 2948 T [ 2947 T 2941 T [ 2971 T 2969 T [ 2961 T [ 29.60 T |
5 0.154 0.16 0.16 0.157 0.157 15.48 15.60 15.59 15.18 15.18
30.00 —71— 30.33 30.34 3028 —1— 30.26 —71— 30.11 —71— 3045 —71— 3045 —71— 3039 —71— 3037 —
10 0.219 0.224 0.224 0.221 0.221 15.38 15.49 15.49 15.07 15.07
31.31 —71— 31.35 31.34 3135 —1— 3134 —1— 31.36 —1— 3140 —71— 31.39 —71— 3140 —71— 31.39 —
12 0.239 0.245 0.245 0.242 0.232 15.36 15.47 15.47 15.06 15.06
3140 —— 3141 31.38 3141 —1— 3143 —1— 3143 —1— 3144 —— 3142 —1— 31.44 —1— 31.46 —
20 0.264 0.274 0.274 0.27 0.27 15.37 15.48 15.48 15.06 15.06
3144 —1— 31.44 31.46 3144 —1— 3146 —1— 3144 —1— 3145 —1— 3147 —1— 3145 —— 31.47 —
50 0.274 0.286 0.286 0.282 0.283 15.37 15.48 15.48 15.07 15.06
3145 —1— 3145 31.47 3145 —1— 3147 —1— 3145 —1— 3145 —1— 3147 —1— 3145 —1— 31.47 —
70 0.274 0.286 0.286 0.283 0.283 15.37 15.48 15.48 15.07 15.06
3145 3145 31.47 3145 31.47 31.45 3145 3147 3145 31.47
100 0.274 0.286 0.286 0.283 0.283 15.37 15.48 15.48 15.07 15.06
3145 —— 3145 3145 3145 —— 3145 L —3145 (3145 3145 13145 —— 3145
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Table 2. Spectral Fluxes of Upward and Downward Solar Radiation (W/[m?xnm]) in the Cloudy
Atmosphere in the Band 952 to 1000 nm, Calculated by Two Different Methods (N=4) Using
HITRAN-2000. Solar irradiance data are from (Kurucz et al. 1992). Wavelengths and
parameters of filter functions correspond to RSS: ftp://oink.asrc.cestm.albany.edu/pub/RSS102.
The cloud layer occupies the height interval 1 to 2 km; cloud extinction coefficient

GCI (/1 =550 nm): 10 km™! ; aerosol profile corresponds to continental aerosol as defined by
WCP. MLS; SZA=60°; A;=0.2.

Method | Method 11 Method | Method 11
% nm FY(z=0) FY(z=0) | FT(z=100km) | FT(z=100 km)
952.624 0.02742 0.02743 0.05159 0.05151
954.485 0.03731 0.03729 0.06711 0.06699
956.354 0.03855 0.03842 0.06793 0.06789
958.222 0.05292 0.05277 0.08802 0.08798
960.099 0.04425 0.04424 0.07568 0.07553
961.985 0.05898 0.05882 0.09770 0.09782
963.858 0.06806 0.06785 0.1088 0.1089
965.752 0.06705 0.06693 0.1079 0.1079
967.643 0.1025 0.1026 0.1545 0.1543
969.533 0.1148 0.1150 0.1716 0.1714
971.432 0.1189 0.1190 0.1762 0.1761
973.340 0.1005 0.1006 0.1519 0.1518
975.246 0.0933 0.09352 0.1425 0.1423
977.151 0.1082 0.1084 0.1617 0.1617
979.064 0.1047 0.1049 0.1573 0.1572
980.988 0.1233 0.1238 0.1820 0.1817
982.909 0.1249 0.1253 0.1850 0.1847
984.828 0.1345 0.1348 0.1972 0.1970
986.757 0.1470 0.1473 0.2116 0.2114
988.695 0.1506 0.1511 0.2164 0.2162
990.631 0.1498 0.1501 0.2148 0.2146
992.565 0.1525 0.1527 0.2178 0.2177
994.509 0.1565 0.1566 0.2229 0.2229
996.451 0.1567 0.1569 0.2233 0.2233
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To calculate the mean fluxes of solar radiation in the broken clouds, in this work we use the ideology of
one of the methods suggested earlier by Titov and Zhuravleva (1997). (Here this method corresponds to
method II). The entire spectral range is divided into Kjy; subintervals according to spectral resolution
specified. In each subinterval, the mean spectral fluxes are calculated based on the solution of equations
for mean intensity by the Monte-Carlo method with cloud and aerosol optical characteristics assumed
constant. Previously, this algorithm was implemented by ourselves for transmission functions suggested
by Golubitskii and Moskalenko (1968); here it is modified to take the opportunity of representation of
transmission function in the form of finite exponential series (K-distribution method). Such an approach
allows us to efficiently use in the studies the new achievements of atmospheric spectroscopy and,
thereby, facilitates improvement of accuracy of radiation calculations.

Figure 2 presents calculations of mean spectral fluxes < F v (h=0)> and < F T (h =100 km) > for

conditions of broken clouds. Also shown in the figure are results obtained by ourselves in a traditional
approximation of horizontally homogeneous atmosphere:

FMh) = pF geigdn)+ 1 - pF(H(n) )

overcas clr
where p is the cloud fraction.
These results qualitatively agree with our earlier conclusions about influence of cloud random geometry

on solar RT.
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Figure 2. Computations of mean fluxes of downward < Fi(h =0)> and upward < FT(h =100km)>
radiation with cloud fraction p=0.5 and mean cloud diameter D=0.5 km (closed symbols). The cloud
layer occupies the height interval 1-2 km; SZA=60°; As=0.2; O'CI (ﬂ =0.55 km) —10 km~!. Open
symbols indicate the fluxes calculated in the approximation of horizontally homogeneous model (4).
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Our Plans

1. We are planning to use the RSS-derived radiation measurement data and information about optical
and geometrical cloud properties from ground-based ARM Program observations for validation of
our algorithms in the clear-sky and cloudy atmosphere.

2. The use of this algorithm in the mean spectral flux computations of high spectral resolution (say, Av
corresponding to RSS spectral resolution) may require several hundreds of spectral intervals. As a
result, the cost of the computation is prohibitive and hence the algorithms then have limited use.
The computation effort is reduced by employing in the mean spectral flux computation the method
of dependent tests. Use of this approach together with k-distribution method is the next step of our
work.
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