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The SABE 1 experiment (Herman and Mentall, 1982) measured the direct and scattered solar 
radiation at wavelengths between 190 and 320 nm from a balloon floating at 40 km altitude. We use 
state of the art radiative transfer models together with cross sections and solar flux data commonly 
used in modeling of the stratosphere to calculate the direct and scattered radiation at 40 km. The 
comparison between theory and experiment made by Herman and Mentall (1982) is extended. 
Significant discrepancies in the ratio of the scattered to direct flux not discussed in their work were 
found in the Schumann-Runge band and above 280 nm. Possible reasons for the differences are 
discussed. 

1. INTRODUCTION 

Knowledge of the UV and visible radiation field is essen- 
tial for an understanding of photochemical processes in the 
troposphere and stratosphere. Remarkably, there are few 
actual observations. An attempt to remedy this situation was 
made by Herman and Mentall [1982, hereafter referred to as 
HM]. They observed the direct, attenuated solar ultraviolet 
radiation between 190 and 320 nm from both a rocket and a 

balloon, as well as the component of the radiation field 
produced by atmospheric scattering. The latter was mea- 
sured for six directions in the sky from a balloon at 40 km. In 
general, models of the radiance were able to reproduce the 
observations (see Figure 8 of HM), although discrepancies 
were seen for certain directions (compare their Figures 5 and 
6). 

The Stratospheric Airborne Experiment (SABE 1) has 
long served as a reference of the radiation field in the upper 
stratosphere. It covers a wavelength region that is of great 
importance in photochemical modeling. As such it has 
provided modelers with data against which they may test 
their radiative models in the "relatively simple" case of 
Rayleigh scattering. Both above 300 nm and below 210 nm, 
multiple scattering can enhance the total radiation field. 
Comparisons of theoretical calculations and experiments 
may be used to assess our understanding of the atmospheric 
radiation field. Discrepancies between theory and experi- 
ments may indicate that our understanding of the "clear 
sky" radiation field is yet not complete. 

The ratio of the scattered radiation to the direct, attenu- 
ated solar radiation provides a measure of the importance of 
multiple scattering. Here "direct attenuated radiation" re- 
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fers to a plane perpendicular to the direction of the Sun (i.e., 
not the vertical), whereas the term "scattered radiation" is 
used to denote the diffuse sky radiation integrated over 4rr 
steradians. In order to compute the ratio of the scattered to 
direct radiation in the stratosphere, hereafter referred to as 
the "scattering ratio," both the direct, attenuated solar 
radiation and the multiply scattered radiation must be 
known. HM obtained the latter by integrating the observed 
intensity over the sky, using an interpolation scheme for 
directions other than those of the measurements. Figure 11 
of HM shows the observed scattering ratio between 200 and 
310 nm (also reproduced in Figure 2 of the present paper). 
The multiply scattered radiation is less than 1% of the direct 
radiation near 250 nm but approaches 10% near both 200 and 
300 nm. Comparison of the observed ratio to a theoretical 
ratio was not shown by HM, but with regard to the 02 
absorption cross sections they concluded that "on the basis 
of the measurements of the scattered flux within the Schu- 

mann-Runge band region of 02 the effective cross sections 
used in current calculations need to be modified to allow 

greater penetration of the solar radiation into the atmosphere 
where scattering occurs." In this work we extend the compar- 
ison between theory and experiment made by HM and discuss 
important discrepancies not mentioned elsewhere. 

In section 2 we give a brief description of the different 
radiation models employed in this work. The model results 
are presented and compared with the experimental results of 
HM in section 3. Finally, in section 4 we give our conclusion 
and recommendation for further research. 

2. MODEL DESCRIPTION 

The scattered radiation measured by SABE 1 is 4rr times 
the mean intensity 
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where the azimuthally averaged intensity is defined by 

I(r, IX)= •--• I(r, IX, •b) d•b. (2) 

Here r is the total (Rayleigh plus absorption) optical depth 
and 0 (Ix = cos 0) and 4• the polar and azimuthal angles, 
respectively. The direct radiation is described by the Lam- 
bert-Beer extinction law, whereas the azimuthally averaged 
diffuse intensity is governed by the radiative transfer equa- 
tion 
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The second term on the right-hand side is the multiple- 
scattering term. The scattering properties of the atmosphere 
are described by the phase function p(r, Ix, Ix') and the 
single scattering albedo to(r). The third term on the right- 
hand side is the direct beam source where F0 is the solar flux 
(normal to the beam direction) at the top of the atmosphere 
incident at the angle Ix0. We note that the radiative transfer 
equation used in this work is linear in F0. Hence when 
taking the ratio between the scattered and the direct radia- 
tion which both have the same source, the magnitude of the 
source cancels and only the optical properties of the medium 
matter. Thus the solar flux data have no effect on the 

scattering ratios calculated and measured. 
We solved the radiative transfer equation (3) using the 

discrete ordinate algorithm of Stamnes et al. [1988]. An 
alternative approach developed at the Naval Research Lab- 
oratory (NRL) recasts the differential equation (3) into an 
integral equation, allowing solution for the ratio I/Fo di- 
rectly, i.e., an integral equation solution of the radiative 
transfer equation for the mean intensity [Anderson and 
Meier, 1979; Meier et al., 1982; Anderson and Lloyd, 1990]. 
This equation can be solved rapidly if isotropy is assumed 
for the Rayleigh-scattering phase function. A second NRL 
model was also developed using the Monte Carlo approach 
[Anderson and Meier, 1979]. Although the Monte Carlo 
model was computationally slower, it incorporated all rele- 
vant physical processes. Detailed comparisons of I/Fo com- 
puted with the two NRL models and the discrete ordinate 
model described above showed excellent agreement (less 
than 5% difference). The assumption of isotropic scattering 
invoked in the matrix inversion model led to errors of less 

than 5%. Since the discrete ordinate model is also computa- 
tionally fast, is intrinsically accurate, and allows rapid com- 
putation of I(r, Ix) for comparison with measured radiances, 
we have used it exclusively in this paper. 

The accuracy of the discrete ordinate method depends on 
the number of quadrature points (or streams) used to approx- 
imate the integral in (3). All calculations presented in this 

TABLE 1. Atmospheric Profile Used in the Radiation 
Calculations 

z, km p, mbar T, K 0 3, cm -3 

100.0 0.00032 190.0 5.00E + 07 
95.0 0.00076 180.0 9.90E + 07 
90.0 0.00184 173.0 1.50E + 08 
85.0 0.00446 180.0 2.00E + 08 
80.0 0.01050 190.0 2.20E + 08 
75.0 0.02400 205.0 4.70E + 08 
70.0 0.05220 220.0 1.30E + 09 
65.0 0.10900 235.0 3.30E + 09 
60.0 0.21900 250.0 7.07E + 09 
55.0 0.42500 255.0 2.13E + 10 
50.0 0.79780 257.0 6.62E + 10 
47.5 1.09000 255.0 1.20E + 11 
45.0 1.49100 253.0 2.15E + 11 
44.0 1.69681 251.0 2.64E + 11 
43.0 1.93103 250.6 3.24E + 11 
42.0 2.20141 249.0 4.00E + 11 
41.0 2.51401 247.0 4.92E + 11 
40.0 2.87100 245.0 6.07E + 11 
39.0 3.32690 243.0 7.31E + 11 
38.0 3.85518 241.0 8.80E + 11 
37.5 4.15000 240.0 9.65E + 11 
35.0 5.74600 235.0 1.38E + 12 
32.5 8.01000 232.0 1.86E + 12 
30.0 11.97000 230.0 3.00E + 12 
27.5 17.43000 225.0 3.60E + 12 
25.0 25.49000 220.0 4.20E + 12 
24.0 29.72000 218.0 3.84E + 12 
23.0 34.67000 216.0 3.48E + 12 
22.O 40.47000 214.0 3.12E + 12 
21.0 47.29000 212.0 2.76E + 12 
20.0 55.29000 210.0 2.40E + 12 
19.0 64.67000 209.0 1.97E + 12 
18.0 75.65000 207.7 1.54E + 12 
17.0 88.50000 205.0 1.11E + 12 
16.0 103.50000 206.0 6.88E + 11 
15.0 121.10000 210.0 2.60E + 11 
14.0 141.70000 216.0 2.36E + 11 
13.0 165.80000 222.0 2.12E + 11 
12.0 194.00000 228.0 1.88E + 11 
11.0 227.00000 234.0 1.64E + 11 
10.0 265.00000 240.0 1.40E + 11 
9.0 308.00000 246.0 2.72E + 11 
8.0 356.50000 252.0 4.04E + 11 
7.0 411.10001 258.0 5.36E + 11 
6.0 472.20001 264.0 6.68E + 11 
5.0 540.50000 270.0 8.00E + 11 
4.0 616.59998 276.0 8.20E + 11 
3.0 701.20001 282.O 8.40E + 11 
2.0 795.00000 288.0 8.60E + 11 
1.0 898.79999 294.0 8.80E + 11 
0.0 1013.00000 300.0 9.00E + 11 

Read 5.00E + 7 as 5.00 x 10 7. 

paper where performed with a 16-stream model which is 
sufficient for the nearly isotropic Rayleigh scattering. To 
calculate the intensity at specific angles (other than the 
quadrature angles) and with high angular resolution (Figure 
4) the interpolation scheme due to Stamnes [1982] was 
utilized. 

Atmospheric ozone and temperature profiles were taken 
from Herman and Mentall [1982]; see Table 1 and discussion 
below. The ozone absorption cross sections were taken from 
Molina and Molina [1986] and for the Rayleigh-scattering 
cross section we used the formula provided by Nicolet 
[1984]. For molecular oxygen we adopted the parameteriza- 
tion due to Allen and Frederick [1982] in the Schumann- 
Runge band, whereas in the Herzberg continuum we used 
values similar to those reported by Shardanand and Pradad 
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Fig. 1. The direct flux above the atmosphere and at 40 km 
altitude. The thin lines are the calculated fluxes, while the thick solid 
lines are experimental data taken from Figures 1 and 12 of Herman 
and Mentall (HM) [1982]. HM does not give values for the flux 
above the atmosphere for wavelengths shorter than 220 nm. 

Rao [1977] and corrected as suggested by Frederick and 
Mentall [1982]. The solar flux was taken from World Mete- 
orological Organization (WMO) [1986] and modified to agree 
with the measurements of HM (Figure 1). All calculations 
were carried out with the wavelength resolution used in most 
photochemical models in this wavelength region: 190.5, 
192.3, 194.2, 196.1, 198.0, 200.0, 202.0, 204.1,206.2, 208.3, 
210.5,212.8, 215.0, 217.4, 219.8, 222.2, 224.7, 227.3,229.9, 
232.6, 235.3,238.1,241.0, 243.9, 246.9, 250.0, 253.2, 256.4, 
259.7, 263.2, 266.7, 270.3,274.0, 277.8, 281.7, 285.7, 289.9, 
294.1,298.5,303.0, 307.7,312.5, and 317.5 nm [WMO, 1986]. 

3. MODEL RESULTS AND DISCUSSION 

Our aim is to compute the ratio of the scattered radiation 
to the direct attenuated solar radiation and compare it to the 
ratio measured by the SABE 1 experiment. As a model 
atmosphere we adopted the profiles in Figure 10 of HM. We 
first calculated the direct downward flux at 40 km and 

compared it with the results of HM, as shown in Figure 1. 
The direct beam radiation is very sensitive to ozone content 
for wavelengths where ozone absorbs most strongly, i.e., 
around 255 nm, whereas in regions where the ozone absorp- 
tion is small, changes in ozone content have little effect, as 
discussed by HM. Since the scattering ratio is the ratio of 
the scattered to the direct radiation, it is obviously important 
to calculate the direct radiation correctly. To reproduce the 
measured direct flux at 40 km, an altitude resolution of 1 km 
was required in the model atmosphere just above 40 km. A 
coarser resolution of 2.5 km used initially, underestimated 
the direct flux regardless of whether we assumed that the 
ozone density varied linearly or exponentially across a single 
layer. This was caused by an overestimation of the optical 
depth by the coarser resolution. In all calculations presented 
below, the ozone is assumed to vary linearly within each 
layer. The atmospheric profiles we used in the calculations 
are as given in Table 1 unless otherwise noted. 

Our computed scattering ratio reproduces the main fea- 
tures of the measured scattering ratio, as shown in Figure 2. 
However, there are significant discrepancies. Between 210 
and 300 nm the model predicts more scattering than the 
experiment. In particular, between 280 and 300 nm the 
model gives more scattering, up to a factor of 2, than inferred 
from the observations. Between 210 and 230 nm (part of the 
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Fig. 2. The ratio of the scattered to the direct radiation at 40 km 
altitude. The thick solid line is the experimental curve of HM, their 
Figure 11, while the thin line represents model results. 

Herzberg continuum) the model also predicts more scatter- 
ing than measured, whereas below 210 nm (Schumann- 
Runge bands) the measurements show more scattering. We 
note that there is a certain degree of symmetry in the 
differences around the wavelength of maximum ozone ab- 
sorption, 255 nm. 

HM estimate the experimental error in the scattering ratio 
to be -+ 10%. They do not give an error estimate of their data 
reduction method, i.e., the error made in deducing the mean 
intensity using information from only six directions. How- 
ever, they estimate that their interpolation scheme gives a 
scattering ratio equal to or lower than the scattering actual 
ratio. If their measurements could be corrected for this the 

empirical and modeled scattering ratios would probably 
agree better. The difference in shape would still be present 
though. To test how sensitive the results are to the Rayleigh 
optical depth, we performed calculations in which the Ray- 
leigh optical depth was changed by -+5%. Insignificant 
changes were observed in the scattered and direct radiation. 

Lary and Pyle [1991] have also computed the scattering 
ratio and compared with HM. They conclude that their 
model agrees well with the measurements, even though they 
obtain a difference of more than a factor 3 below 200 nm. Our 

experience with the use of different ozone profiles in calcu- 
lating the scattering ratio suggests that the shape of their 
modeled scattering ratio is caused by their ozone profile, 
which was "a standard atmospheric ozone profile" and not 
representative of the conditions encountered during the 
experiment of HM. We discuss below possible sources for 
the discrepancies between the experimental results and our 
model results. 

Temperature effects. The temperature dependence of 
the ozone cross section is important above 280 nm [Molina 
and Molina, 1986]. Thus a different temperature profile will 
give a different curve for the scattering ratio. Between 280 
and 300 nm the ozone absorption cross section varies 
roughly -+5% from T = 226 K to T = 298 K around its value 
at T = 263 K. We performed radiation calculations in which 
the temperature profile was shifted -+ 10 K. Such tempera- 
ture changes do indeed produce different results for the 
scattering ratio. However, as the scattered radiation is 
driven by the direct beam radiation, increasing the latter will 
increase the former and their ratio will not change much, as 
our calculations showed. Thus for a realistic temperature 
profile, the temperature dependence measured by laboratory 
experiments in this wavelength region is too small to explain 
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the discrepancy between the observed and the computed 
scattering ratio. 

Albedo effects. For the atmosphere model given in Table 
1 and the solar elevation encountered during the experiment, 
the radiation penetrates to the ground for wavelengths larger 
than 292 nm, but only beyond 300 nm is enough radiation 
transmitted to make albedo effects important. We used the 
same albedo of 0.2 as was assumed by HM. Calculations 
were also performed with an albedo of 1.0. Although no 
significant change below 300 nm is found for the latter case, 
the experimental and theoretical scattering ratios are in 
better agreement above 300 nm. Experimental data beyond 
320 nm would be of great value when studying albedo 
effects. 

Polarization. Another possible source of error can be 
traced to polarization of the Rayleigh-scattered light. Al- 
though the models do not take polarization into account, the 
effect is expected to be small for computing sky-integrated 
intensities. However, the degree of polarization of the scat- 
tered intensities, which depends on the amount of multiple 
scattering, may result in an important effect. Below 300 nm, 
pure absorption prevents strong multiple scattering, so that 
intensities in specific directions may be significantly polar- 
ized. The observations of HM were made with spectrome- 
ters, whose throughput may be dependent on the polariza- 
tion of the incident light (J. E. Mentall, private 
communication, 1983). Measurements of the polarization 
dependence of an 1/8-m Ebert-Fastie spectrometer by R. P. 
McCoy (private communication, 1991) have shown a re- 

sponse varying from 25 to 75% (= (Iñ - Iii)/(I ñ q- Ill)) 
across the 200- to 300-nm range. The effects of neglecting 
polarization by HM are not clear. Good agreement between 
computed and observed intensities was found for certain 
directions (see Figure 8 of HM) but not for others (compare 
curves "5" of Figures 5 and 6 of HM). 

Aerosols. Aerosols may significantly alter the optical 
properties of the atmosphere. Generally, the scattering and 
absorption properties of aerosols vary slowly with wave- 
length [Shettle, 1989; Kylling, 1992]. Thus plausible aerosol 
loadings do not provide an easy explanation of the strongly 
wavelength dependent difference between the measured and 
the modeled scattering ratio. An aerosol layer of volcanic 
origin has its maximum thickness typically around 20 km. 
The layer will increase the amount of scattered radiation 
above the cloud due to backscattering [Kylling, 1992]. Hence 
the scattering ratio will increase if aerosols are included in 
the model calculations and thus further increase the discrep- 
ancy between the empirical and the model results. 

Schumann-Runge bands. The largest discrepancy be- 
tween the measurement and the model occurs in the region 
of the Schumann-Runge bands. At 200 nm the ozone absorp- 
tion cross section has a minimum. Less absorption above 
and below 40 km means more radiation available for scatter- 

ing. At both sides of the minimum one would expect the 
scattering ratio to behave similarly. Hence more absorption 
means a lower scattering ratio, especially so below 200 nm 
where both ozone and the Schumann-Runge bands contrib- 
ute to the absorption. This behavior of the scattering ratio is 
seen in the results from the present model but is absent in the 
empirical ratio curve of HM. The direct beam radiation 
displayed in Figure 1 of the present paper and Figure 12 of 
HM both exhibit this behavior due to increased absorption 
below 200 nm, as do the modeled scattered radiation field 
shown in Figure 3. However, the scattered radiation field 
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Fig. 3. The scattered solar radiation for four (0 = 180.0 ø, 0 = 
138.4 ø, 0 - 93.0 ø, and 0 = 48.4 ø) of the six viewing directions of the 
SABE 1 experiment (experimental data, thick lines). The angles are 
relative to the vertical with 0 - 0 ø being in the zenith direction. The 
modeled data (thin lines) shown have been corrected to take into 
account the instrument aperture of 0.0474 steradians. To be com- 
pared with Figure 5 of HM. 

measured by HM and shown in their Figure 5 does not 
exhibit this behavior. Since the scattered radiation field is 

driven by the direct beam radiation (Figure 12 of HM), one 
would expect that the direct and scattered radiation fields 
have a similar spectral shape. We note that calculations by 
Luther and Gelinas [ 1976], for a similar situation, show very 
little contribution from the scattered component to the total 
radiation in this wavelength region (their Figure 3a). HM 
suggest that the discrepancy seen in the highly structured 
Schumann-Runge bands may be due to the use of "bin- 
averaged" cross sections corresponding to the coarse wave- 
length resolution of the solar flux used as input. We may test 
this hypothesis by turning off all oxygen absorption in the 
model. This does bring the modeled scattering ratio some- 
what closer to the measured one, but we are no longer able 
to reproduce the direct radiation curve given in Figure 12 of 
HM and Figure 1 of the present paper. 

Altering the ozone column. The uniformity in the differ- 
ence between the modeled and measured scattering ratio 
suggests that a change in the ozone content may alter the 
result. Above 40 km the ozone profile is constrained by the 
requirement that we must be able to reproduce the direct 
radiation at 40 km. A decrease in ozone below 40 km 

decreases absorption of radiation and leads to a higher 
scattering ratio, thus increasing the difference between the 
observed and the calculated scattering ratios. An increase in 
ozone below 40 km will increase the absorption and may 
thus lead to a lower scattering ratio. We performed calcula- 
tions in which the ozone column below 40 km was increased 

by factors of 1.5 and 2.0. In the region of maximum ozone 
absorption, ---255 nm, little change is observed in the scat- 
tering ratio. At larger and shorter wavelengths, 255 _+ 40 nm, 
the scattering ratio decreases. But in the Schumann-Runge 
bands and above 300 nm the differences remain constant or 

increases. The best overall agreement was obtained using 
the original model atmosphere, as given in Table 1. 

Angular averaging. HM assumed that the scattered ra- 
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Fig. 4. The modeled scattered solar radiation as a function of 
wavelength and viewing angle. The wavelength resolution is as in 
WMO [1986] and the angular resolution is 6 ø. As in Figure 3, the 
viewing angle is relative to the vertical with 0 = 0 ø being the zenith 
direction. The scattered radiation is shown in the plane of the 
incident solar radiation and the vertical. 

diation changes monotonically with 0 between the measure- 
ment directions. To find the intensities at intermediate 

angles, they used logarithmic interpolation and then inte- 
grated over 4•r to obtain the total scattered radiation at 40 
km. In Figure 5 of HM the scattered radiation is shown for 
four of the six viewing directions. In Figure 3 of the present 
paper we show similar modeled intensities. Furthermore, in 
Figure 4 is shown the variation of the scattered intensity with 
wavelength and viewing angle. For certain wavelength re- 
gions, in particular those where multiple scattering is weak, 
the scattered intensity may vary by several orders of mag- 
nitude with the viewing direction. For all of the four viewing 
directions displayed in Figure 3 there is good agreement 
between measurement and theory, except for the Schumann- 
Runge bands. We note that the largest discrepancies be- 
tween the modeled and the measured scattering ratios are 
found in the regions of the spectrum where the intensities 
vary the least among the different viewing directions (210- 
230 nm and 280-300 nm). We find this somewhat surprising 
because one would expect the interpolation between the 
different viewing directions to be more reliable when the 
variation among them is the smallest. 

4. CONCLUSION 

We have compared the ratio of the scattered to the direct 
radiation at 40 km, as measured by the SABE 1 experiment 
with results from state of the art radiative transfer models, 
including multiple scattering. Between 210 and 300 nm the 
models predict more scattering than the measurement. No 
plausible explanation for this lack of agreement is found. 
Furthermore, in the Schumann-Runge bands the model pre- 
dicts too little scattering. We note that the measured direct and 
scattered radiation have different spectral shapes in the Schu- 
mann-Runge region (compare Figures 5 and 12 of HM). 

To help validate radiative transfer models for a Rayleigh- 
scattering atmosphere as well as increase our confidence in 
radiation schemes used in photochemical models, further 
measurements of both the direct and the scattered radiation 

at a variety of altitudes and zenith angles for clear sky 
conditions are desirable. 
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