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Analysis of cloud top height and cloud coverage from satellites
using the O, A and B bands
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Abstract. Cloud height and cloud coverage detection are important for total ozone
retrieval using ultraviolet and visible scattered light. Use of the O, A and B bands,
around 761 and 687 nm, by a satellite-borne instrument of moderately high spectral
resolution viewing in the nadir makes it possible to detect cloud top height and related
parameters, including fractional coverage. The measured values of a satellite-borne
spectrometer are convolutions of the instrument slit function and the atmospheric
transmittance between cloud top and satellite. Studies here determine the optical depth
between a satellite orbit and the Earth or cloud top height to high accuracy using
FASCODE 3. Cloud top height and a cloud coverage parameter are determined by
least squares fitting to calculated radiance ratios in the oxygen bands. A grid search
method is used to search the parameter space of cloud top height and the coverage
parameter to minimize an appropriate sum of squares of deviations. For this search,
nonlinearity of the atmospheric transmittance (i.c., leverage based on varying amounts
of saturation in the absorption spectrum) is important for distinguishing between cloud
top height and fractional coverage. Using the above-mentioned method, an operational

cloud detection algorithm which uses minimal computation time can be implemented.

1. Introduction

More than 50% of the Earth’s surface is covered with
clouds. Cloud height and cloud coverage detection are
important for a number of atmospheric measurement pur-
poses, including total ozone retrieval and distinction be-
tween the stratospheric and tropospheric O5 burdens using
ultraviolet and visible scattered light. The Nimbus 7 total
ozone mapping spectrometer and solar backscattered ultra-
violet instruments use scattered solar ultraviolet light for
ozone profile and total ozone retrieval [Fleig et al., 1990].
They estimate cloud coverage from measured reflectivity at
340 nm, assuming that the cloud top exists uniformly at a
pressure of 0.4 atm. For improvement in environmental
monitoring, more detailed cloud detection is required.

To collect enough photons for the required signal-to-noise
ratios in measurements, a spaceborne spectrometer usually
has a larger instantaneous field of view (IFOV) than radiom-
eters like the thematic mapper (LandSat-D) and Systé¢me
Probatoire d’Observation de la Terre. The large IFOV of the
spectrometer will often include both cloud-containing and
cloud-free areas. High spatial resolution cloud distribution
data are obtained by the spaceborne radiometers, but it is
difficult for them to detect cloud height.

Figure 1 shows the calculated radiance in the O, visible
region for complete coverage in a few cloud type cases using
the radiative transfer model MODTRAN {[Berk et al., 1989]
in the case of 6 = 60° and ¢ = 0°, where @ is the solar zenith
angle and ¢ is the nadir-viewing angle. The absolute level of
the measured radiance depends on the cloud type. Also, it is
difficult to distinguish cloud from Earth albedo variation.
Thus a method providing direct information on the atmo-
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spheric structure, such as the measurement of relative
radiances using absorption lines, is necessary for improved
cloud parameter detection. Use of the O, A and B bands,
around 761 and 687 nm, is such a method, one which we will
demonstrate makes it possible to detect cloud height and
coverage parameters simultaneously from a nadir-viewing
instrument. Cloud altitude estimation using the O, A band
was suggested by Yamamoto and Wark [1961], and a de-
tailed study was done by Wark and Mercer [1965]. Saiedy et
al. [1967] determined cloud top height on a Gemini mission
using a spacecraft-borne spectrograph camera with 0.5-nm
resolution. Fisher and Grassl [1991] and Fisher et al. {1991]
measured the O, A band with an airborne 0.6-nm spectral
resolution spectrometer having high spatial resolution and
detected cloud top height with 50-m accuracy. However, it is
rare that an entire [FOV for a satellite-based spectrometer
(typically 100 X 100 km) is covered evenly by a cloud layer.
Therefore cloud coverage detection is also important. We
show that using a moderately high (approximately 4.0-cm !
resolution) spectrometer and measuring in several absorp-
tion channels, both cloud top height and cloud coverage
detection become possible.

The study done here is a prototype for the Global Ozone
Monitoring Experiment (GOME) and the scanning imaging
absorption spectrometer for atmospheric chartography
(SCIAMACHY), which are European satellite instruments
designed primarily for atmospheric trace gas measurements.
GOME and SCIAMACHY are both diode array-based spec-
trometers, which measure the atmospheric spectrum with
continuous coverage from 240 to 790 nm at a resolution of
about 0.1 nm in the ultraviolet and 0.2 nm in the visible.
Measurements in this region are expected to provide deter-
minations of the atmospheric trace species O3, NO,, and
BrO, and the more abundant species O,, (0,),, and H,0,
and have prospects for measuring H,CO, SO,, ClO, and
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Figure 1. Calculated radiance in the visible region, including the O, A and B bands, for complete

coverage of selected cloud types. From the top, alt

OCIO under special conditions. The wavelength coverage of
both instruments includes the ultraviolet Hartley and Hug-
gins bands and the visible Chappuis bands of O;. The
continuous spectral coverage of SCIAMACHY continues
into the infrared, to 1700 nm, with additional detector arrays
at 2.0 and 2.3 um. GOME is a nadir-viewing instrument,
while SCIAMACHY includes a nadir-viewing mode. Both
have the capability to make measurements at the resolution
and accuracy needed for application of the principles inves-
tigated in the present study. GOME is scheduled for launch
on the European Space Agency’s ERS 2 satellite in late
1994/early 1995, while SCIAMACHY will be a part of the
Envisat 1 payload in the late 1990s. The simultaneous
detection of cloud parameters will help considerably in trace
gas retrievals for these instruments. For ozone in particular,
the concentration peaks in the stratosphere (nominally at
~23 km), well above normal cloud altitudes. However,
ozone in the troposphere makes a nonnegligible contribution
to the total column density, one which may be growing as a
result of anthropogenic activities. A major impetus for this
study is the correction of ozone measurements in order to
permit both better statistical evaluation of global ozone
column measurements and determination of the climatology
of tropospheric ozone.

In the ultraviolet and visible regions, incident light at
different wavelengths penetrates to almost the same distance
inside of clouds; the effective cloud top height does not
depend strongly on wavelength. Thus measurements of the
O, A and B bands are useful for 300- to 400-nm cloud top
height detection, appropriate to measurements in Hartley
and Huggins bands of O, as well as in the visible Chappuis
bands. Both GOME and SCIAMACHY will be capable of
detecting both cloud top height and cloud coverage with
moderate accuracy when combined with appropriate atmo-
spheric modeling capability. The remainder of this paper will
discuss the cloud detection capability specifically in terms of

ostratus, stratus, and cloud free.

GOME, but the discussion is equally applicable to SCIA-
MACHY nadir-viewing measurements.

In this study we calculate the dependence of the measured
spectrum on the cloud top height and a cloud coverage
parameter (specifically, the product of the fractional cover-
age times the cloud reflectivity, ar, divided by the scene-
averaged albedo, ) for several cases of instrument resolu-
tion, wavelength coverage, and cloud conditions. A
minimization technique is applied in order to determine the
range of values which correspond most closely to the mea-
surement. The scene-averaged albedo can be determined
independently by measurements out of the O, bands in order
to determine ar. Complete determination of the fractional
coverage currently depends on independent knowledge of
either the cloud reflectivity or the ground albedo. In future
work we hope to be able to demonstrate techniques for
simultaneous retrieval of cloud reflectivity and ground al-
bedo as well as cloud top height and cloud coverage with
instruments of sufficient resolution and sensitivity. Such
retrieval would remove the ambiguity in the coverage pa-
rameter and its dependence on climatological values of cloud
top reflectivity and Earth albedo.

2. Radiative Transfer in the O, Absorption
Region

Figure 2 shows the O, A and B spectral bands, calculated
using the 1992 HITRAN database [Rothman et al., 1992]. O,
A and B have strong absorption around 13,143 cm™! (761
nm) and 14,546 cm ™! (687 nm). (Note that wavelength, in
nanometers, is the unit of choice for measurements by the
satellite instruments, which are dispersive spectrometers.
Line parameter listings are normally in cm ™!, since line
shapes are appropriately described in a scale linear in
energy.) A spectrometer with a spectral resolution of about
40cm™! (e.g., GOME) will have several spectral measure-
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Figure 2. A stick spectrum showing the O, A and B band positions and intensities from the 1992

HITRAN database.

ments in the O, bands. The radiance measured in the
satellite geometry by spectral channel j, neglecting scatter-
ing, is described by

N

dv
1G) =, ayr Jﬁ(V)F(V) exp (—s7(v, k) ™
i=1

N dv
vl 1-Sn Iﬁ(u)F(v)exp(—sT(V,O))E, W
i=1

where N is the number of different cloud top height types,
ay; is the cloud top reflectivity for cloud type i in spectral
channel j, r; is the coverage of type i cloud, f;() is the slit
function of channel j, F(v) is the solar spectrum, (v, k) is
the optical depth between cloud top and satellite (propor-
tional to total O, column amount above the cloud top), A; is
the top height of type i cloud, Avis the full spectral width at
half maximum of the instrument, and B8; is the Earth’s
surface diffusive albedo. Here ay; and B; are assumed to be
constant over the small spectral size of spectrometer channel
considered here. The optical path factor s is sec(6) + sec(¢p).
The cloud type definitions that we use correspond to those of
LOWTRAN and MODTRAN [Kneizys et al., 1988; Berk et
al., 1989]. The major effect of different cloud types (except
for cirrus, as noted below) is to change the radiance level of
the reflected radiation. From studies such as the
MODTRAN calculations shown in Figure 1, we can assume
that ciouds are thick enough that solar light reflects at the
cloud tops; this is the operational definition of ‘‘cloud top”’
in these studies. There are several caveats in this assump-
tion. If a cloud layer is not sufficiently thick that determina-
tion of a cloud top height to the ~1-km accuracy aimed for in
this study is possible, there will obviously be an ambiguity in
the determination. Different cloud types may have bidirec-

tional reflectance distribution functions (BRDFs) that differ
sufficiently that the reflectance calculations at different view-
ing and solar zenith angles are significantly affected; this
aspect of the problem is currently under investigation at the
University of Bremen, Bremen, Germany, (J. Burrows, R.
Spurr, and T. Kurosu, private communication, 1993). The
effect of cirrus clouds on the determination of cloud param-
eters deserves, and will get, more attention than it has
received in this study. Our current feeling is that optically

“thin cirrus will not present a significant problem; clouds that

are partially transmitting have the same effect when aver-
aged over the instrumental field of view as a partial cover-
age. Multiple Mie scattering inside of clouds may signifi-
cantly affect the optical path; the size of this effect is
currently being investigated at the University of Heidelberg,
Heidelberg, Germany, with Monte Carlo multiple scattering
calculations (H. Frank and U. Platt, private communication,
1993). This specifically includes an investigation into poten-
tial multiple scattering problems in cirrus. The effect of
multiple scattering inside clouds may be the limiting factor in
the general applicability of optical methods in cloud deter-
minations. Radiance in the absence of absorption by O, or
other gases (e.g., out of band), without scattering, is de-
scribed as

dv
Iy(j) = v; J F(v) fi(v) v 2

where

N N
vi=2 agrt Bl 1-2ri |
i=1 i=1

For GOME, F(v) is determined from a priori information
and on-board solar flux monitoring using a diffuser. Thus the
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scene-averaged albedo v, out of band can be directly deter-
mined.

Scattering effects are considered below. In the above
wavelength region, absorptions by gases other than O, are
small compared with the dominant O, absorption; they can
be safely neglected for cloud detection at the present level of
accuracy. In the O; A and B bands, v; is interpolated using
the spectrum near the O, A and B bands where there is no
strong absorption. The slit function f;(») is assumed to be
triangular, because the spaceborne spectrometers we are
considering have the same output slit (detector) size as the
entrance slit. In the real measurements the slit function
must, of course, be measured with high spectral resolution.
The vertical profiles of O, number density and temperature
are assumed to be well known. Optical depths (v, h)
between the satellite orbit and each height are calculated
with high accuracy using FASCODE 3 (G. P. Anderson and
J. H. Chetwynd, private communication, 1992).

The measured values are convolutions of the slit function,
I4(v), and the atmospheric transmittance. By analogy with
Fleig et al. [1990] it is convenient to describe the convolution
in terms of a parameter Q, defined in our case as

d
0, hi) = f Fv) exp (=s7(v, b)) E o)

The parameter R(»y, h;), which is the ratio of satellite-
measured radiation to solar input radiation, is then defined
by the following, assuming F(v) is constant within a spec-
trometer channel so that it can be taken outside of the
integral in equations (1) and (2):

I(j)
R(.l’ hi9 aijri) = Fm

N

N
= a;700j, k) + BA1 =D, r)Qy, 0)
i=1

i=1

N
ayriQUs k) + (v;= 2 «yrdQU, 0) @)

1 i1

i

3. Determination of Cloud Top Height
and Related Parameters

3.1.

Cloud parameters are determined by least squares fitting
to calculated radiance ratios. We assume there is no a priori
information on h; and ayr; in equation (4) and use a grid
search method to search the parameter space of k;, a;r; to
minimize the variance. The quantity ,\/2 is defined as

M ; j
X2 _ E Robs(-l’ hi: a,-jr,-.) - Rcalc(.lr hir al'jrr) 2 M, (5)
Robs(.]’ hi’ aijri)

Grid Search Least Squares Fit

j=1

where the R, are R values from measurement and dividing
by the measured solar calibration, the R, are R values for
grid searching to determine 4; and a;r;, and M is the number
of spectrometer channels in the O, A and B band regions (a;;
and vy; are assumed to be constant within each O, band).

Here x? is not divided by the error value o?, because o? is
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almost the same for each spectrometer channel. The o?
attained in the measurements determines the contour de-
scribing the level of accuracy achieved in cloud parameters,
as shown below. The ranges of r; and h; are between 0 and
1 and between 0 and 10 km, respectively. In the present
work, grid searching is used rather than a continuous non-
linear least squares technique, since we are evaluating x>
over a space of variables with discrete values. No particular
attempt has yet been made to optimize the technique; rather,
we perform complete evaluations of y? over the range of
coverage variable at ~0.01 resolution and over cloud-top
height at ~0.1-km resolution. Because the ranges and reso-
lutions are limited, the computation time necessary to search
the resulting tables for minimum values is not a serious
concern.

For both cloud top height and cloud coverage detection,
optical depth is an important concern. If the optical thick-
ness is too large, it becomes impossible to detect low cloud
accurately, because the Q values become too small. If the
optical depth is too small, the transmittance is an almost
linear function of «;r; and optical depth, and it becomes
impossible to distinguish cloud height from cloud coverage.
If the difference of integrated optical depth between chan-
nels is too small, it is also impossible to distinguish cloud
height from cloud coverage. Thus for cloud parameter
detection, both the optical depth values and contrast be-
tween channels are important.

Figures 3a and 3b show calculated optical depths for a
range of typical cloud top height scenarios using FASCODE
3: Figure 3a for the O, A band and Figure 3b for the O, B
band. Around this spectral region the GOME resolution is
about 4.0 cm~!. The optical depths change substantially in
this region, so calculations must be done with high spectral
resolution. When the spectral resolution is much wider than
the oxygen spectral lines in the bands, the measured optical
depth is a highly averaged or smeared-out quantity and its
variation with detector channel is small. Therefore higher
spectral resolution improves cloud detection. Figure 4 shows
Q values for several A and B band channels in the case of
Av = 4.0 cm~! and s = 2.0. The center positions of the
channels are 13,132, 13,144, 14,539, and 14,551 cm~'.

We have calculated the variation of x? in the space of
cloud top height versus the coverage parameter a,r,;/y for
representative cases of instrumental resolution, number of
measuring channels, and cloud top heights. The results are
given in Figure S as contour plots showing the logarithm of
x7; these plots are intended to give a visual sense of how well
a minimization scheme (such as the grid search employed
here) will succeed in the independent determination of cloud
top height and the coverage parameter. Figure 5a shows the
variation of x? for a typical GOME case, Av = 4.0 cm !,
N =1, and M = 12, with a cloud layer at 5 km and a
coverage parameter of ary/y = 0.5 (50% coverage when
the cloud top reflectivity is equal to the Earth albedo). The
twelve spectrometer channels chosen consist of seven O, A
and five O, B band measurements. The center positions of
the channels are 13,132, 13,136, 13,140, . .. 13,156 cm ™! for
the O, A band and 14,539, 14,543, 14,547, ... 14,555 cm ™!
for the O, B band. N = 1 is assumed because there will most
often be one cloud type within the IFOV. Figure 5b com-
pares this case with that of higher spectral resolution, Ay =
0.2 cm L. The center positions of the channels are 13,150.6,
13,150.8, 13,151.0, . .. 13,151.8 cm ™! for the O, A band and
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Figure 3. Calculated nadir optical depths for the visible bands of O, between space and the altitudes 0
(top), 2, 4, 6, and 8 (bottom) km: (a) O, A band and (b) O, B band.

14,555.1, 14,555.3, 14,555.5, . .. 14,555.9 cm ™! for the O, B
band. Figures 5c and 5d show cases of a lower cloud top
height (2 km) with Av = 4.0cm ™! and Av = 0.20 cm ™! as in
Figures 5a and 5b. Figure 5c has several minima, but the
proper one is significantly deeper; if the measurement accu-
racy is very good, the solution is unique. For the lower-
altitude cloud and lower spectral resolution there are ex-
tended trough regions in the variation of XZ with cloud height
versus cloud coverage. This indicates that high accuracy is
required in order to get a unique solution for cloud coverage.
Generally, higher resolution is better for cloud detection, but
there may be a tradeoff here between resolution and signal-
to-noise ratio. However, as Figure 5c shows, cloud height is
easily determined. For total ozone retrieval, the coverage of

low cloud may not be critically important. From the hyper-
bolic shapes of the contours in Figure 5c we may conclude
that for low cloud top height and low cloud coverage, the
cloud top height is not accurately determined. On the other
hand, for the higher cloud top height and higher coverage
case, both height and coverage detection accuracy is high.
There is a basic tradeoff in cloud coverage versus cloud
height information that stems from the fact that the most
basic accurate information obtained by measurements in the
0O, bands, which is that of absorption in the optically thin
portions of the bands, gives the average transmission or,
equivalently, path length through the atmosphere. Any over-
estimate of cloud coverage thus implies an underestimate in
cloud top height. Figures 5S¢ and S5f are moderate- and
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Figure 4. @ values (convolutions of the instrument slit function and the atmospheric transmittance) for
0O, A and B band channels with center positions of 14,539, 14,551, 13,132, and 13,144 cm™! (top to bottom)

for instrument resolution Av = 4.0 cm ™!,

high-resolution cases of M = 2, r; = 0.5, and A; = 5 km.
These are calculated in order to compare results obtained
with differing numbers of measurement channels. The reso-
lution is 4.0 cm™!, and the center wavelengths of the
channels are 13,140 and 14,547 cm™! for Figure Se; the
resolution is 0.2 cm ™!, and the center wavelengths of the
channels are 13,151.0 and 14,555.5 cm ™' for Figure 5f.
Comparison of Figures Se and 5a shows clearly that the use
of a large number of spectral channels greatly improves the
accuracy for moderate (i.e., GOME) resolution. However,
for higher spectral resolution, a small number of spectral
channels is adequate, as shown by Figure 5f.

The above method determines «;r;. By using interpolated
values of y;, B(1 — r;) may also be determined. If appro-
priate a priori data for B are available, a, and r; may be
determined individually. From the «; value it may be
possible to estimate the cloud depth. This study is for one
cloud type and cloud top height, but the determination of
two or more cloud layers within the IFOV may be possible
with the use of a grid search in more than four dimensions.

3.2. Accuracy Requirements and Error Estimation

The desired uniqueness of solution determines the accu-
racy requirement. As mentioned above, for lower-height
cloud detection, high accuracy is required. This statement
can be quantified in a typical example. Figure 6 indicates the
|x| variation for N = 1, M = 12, r, = 0.5, h; = 5 km, and
Av=4.0cm™!. As before, the twelve spectrometer channels
include seven in the A band and five in the B band. The
central contour, shown as a bold line, corresponds to the
limit of + 1% measurement error about the central minimum.
This contour corresponds to +=20% error in cloud coverage
and =2 km in cloud top height. If the cloud coverage
detection accuracy is required to be *+20%, the sum of
measurement error and model calculation error must be less

than 1%. The anticipated random errors in measurements
are small enough to allow precise solution (the modeled
signal-to-noise ratio for GOME is ~1000), but the forward
model calculations in the present study have uncertainties
which may cause substantial systematic error. It is possible
to detect the area surrounded by the contour line in Figure 6
when the systematic errors are 1%. This area indicates the
correlation between cloud top and cloud coverage and
should be useful for removing cloud effects in total ozone
determinations. To separate cloud top height and coverage
accurately, higher spectral resolution is required. The signif-
icant systematic error sources are discussed below. These
items are expected to be corrected by adequate calibration.

Measurement errors. Because R is a ratio, that of the
Earth measurement to the solar measurement, the system-
atic radiance errors of the instrument response largely can-
cel. The capability for relative radiance measurements
should be better than 1%.

Model calculation errors include the items listed below.
The first two items affect both y and Q value calculations.
The third affects y, and the others affect the Q values.

Single and multiple scattering effects. As discussed be-
low, scattering effects must be included for accurate cloud
determination.

Effects of other gases. There are strong H,O bands be-
tween the O, A and B bands, but they do not affect the O,
A and B bands significantly. In FASCODE 3 studies we find
the calculated optical depth due to other gases within the O,
A and B band limits to be negligible.

Scene-averaged albedo interpolation in the O; A and B
bands. The solar spectrum can be assumed to decrease
linearly around the O, A and B bands. The error caused by
interpolation is negligibly small.

Line parameter database. As discussed below, the line
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Flgure 5. The )2 variation in log scale, where x? is the sum of squares of radiance ratio deviations, which
is minimized in the fitting process to determme cloud-top height and coverage (see text for detalls)
Estimated uncertainties are not included in x?; rather, the uncertainties determine which contour is
applicable. Results are presented for several case studies illustrating differences due to the number of
measurement channels, M; the height of the cloud layer, 4; and the instrument resolution, A». The cloud
coverage parameter, a,r;/y = 0.5, mcludes a ratio of albedos, as explained in the text. (a) M = 12
ayjri/y=0.5,h =5km, andAv—40cm LyM =12, a,rlly 0.5, h = 5km,and Av = 0.2cm™;
)M =12, alrl/'y— 0.5, h=2km,and Av = 4.0cm™}; (d) M = 12, ayry/y = 0.5, h = 2 km, and
Av=02cm ()M =2, ary/y=0.5,h=5km,and Av=4.0cm™ l,and(f)M— 2, ayry/y=0.5,
h=5km,and Av = 0.2 cm™".

intensities and pressure-broadening coefficients must be
determined to high accuracy compared to that of the desired
detection accuracy, or an appropriate in-flight characteriza-
tion and calibration scheme must be used.

Temperature profiles. According to the Wark and Mercer
[1965] absorptance calculations, the effect of temperature
profile ambiguity on optical depth calculations in these bands

(at low spectral resolution) is less than 1%. A calculational
check of the temperature dependences for selected individ-
ual line strengths confirms this conclusion for the stronger
lines in the A band.

Slit function. The absolute value of spectral responsivity
is not a concern in this method. The shape of the modeled
instrument slit function is, however, extremely important.



14,488

KUZE AND CHANCE: CLOUD PARAMETERS FROM VISIBLE O, BANDS

Cloud top height (km)

Cloud top height (km)

0.2

Figure 5.

Extra absorption inside clouds. The estimated cloud top
is always below the actual cloud top because of the extra
absorption inside the clouds [cf. Saiedy et al., 1967]. For our
present purposes of correcting for ozone and other trace
species, the important consideration is whether multiple Mie
scattering within the cloud, of light that is eventually scat-
tered back out into the instrument field of view, is a severe
limitation. If the major effect of penetration into the cloud is
replacement of the cloud top by a diffuse scattering surface
at a lower altitude, then the technique is perfectly suited for
such correction. This problem is not thought to be serious at
the present (1 km) level of accuracy, but the previously
mentioned calculations underway at the Universities of
Bremen and Heidelberg will provide more definitive answers
to this concern.

arfy

0.6

(continued)

3.3. Algorithm and Operation

Before launch, the optical depths necessary to determine Q
values are calculated for several temperature profile scenarios
at a resolution of 0.001 cm !, and the slit function is measured
at similarly high resolution. Look-up tables in terms of optical
depth are then prepared at intervals of ~0.1 km.

After launch, the operational software searches for the
minimum y? and estimates the cloud top heights and cover-
age. The increments for heights and coverages are ~0.1 km
and 1%, respectively. The default number of different cloud
types within the IFOV, N, is 1. Thermal differences between
ground calibration and orbit, including thermal cycling of the
instrument through the satellite orbit, may cause the center
wavelengths for the measurement channels to change. Thus
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Q values must be recalculated after the on-board wavelength
calibration.

4. Discussion
4.1. Cloud Reflectivity and Earth Surface Albedo

Both a,r; and B(1 — r,) are determined in this method.
As mentioned above, in order to estimate cloud coverage
and cloud reflectivity we will, as our initial working algo-
rithm, employ an a priori Earth surface albedo table which
includes both geographical and seasonal information. The
source of the albedo database used to create this table is the
ETOPOS data set (NOAA/National Geophysical Data Cen-
ter, Boulder, Colorado). More sophisticated future versions
of the algorithm should exploit the radiance data from the

0.6 0.8 1.0
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(continued)

satellite instrument itself further. GOME and SCIAMACHY
each measure the scene-averaged albedo, vy;, from 240 nm to
790 nm, including measurements in wide spectral regions
where atmospheric gas absorptions are small. As B has
substantially stronger wavelength dependence than a;, this
scene-averaged albedo information should help to further
separate surface albedo and cloud coverage. Additionally,
cloud scattering studies currently underway at the Univer-
sity of Bremen should provide invaluable information on
cloud top reflection coefficients coupled to cloud type and
altitude (J. Burrows, R. Spurr, and T. Kurosu, private com-
munication, 1993). Thus we anticipate that the proper combi-
nation of the satellite radiance measurements and cloud scat-
tering studies will provide the necessary leverage to separate
albedo, cloud reflectivity, and coverage to high accuracy.
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4.2. Scattering Effects

Even though Rayleigh scattering is small in the visible O,
absorption region compared with the ultraviolet region cov-
ered by GOME, its effect in the atmospheric path must be
considered for accurate cloud detection. Single-scattering
radiance calculations do not depend on either the cloud top
reflectivity or Earth surface albedo, but when multiple
scattering is included, there is a strong dependence on both.
Therefore to estimate scattering effects, a priori data of a
and B are necessary. The input radiance I.(j), including
scattering effects is

d
I(j)=n fﬁ(V)(alF(V)T(S, v, h)) + S(v, hy, ay)) K%

d
t(1=r) Ifj(V)(BF(V)T(s, v, 0) +S(v, 0, B)) é
(6)

where T(s, v, h,) is the transmittance and S(», h,, x) is the
single and multiple scattered radiance.

In general, reflectivity of cloud tops is high in the visible
region. Therefore scattering effects are relatively small and
radiance calculation errors are small. Out of the O, absorp-
tion region the scattering affects v, estimation. The differ-
ence between the radiance not considering scattering, I4(J),
and the radiance considering scattering, 7.(j), is less than
1% when 8 = 0.3, because the back-scattering ratio to the
zenith is almost equal to the Earth surface diffusive reflec-
tivity (note that geometry must be carefully considered when
evaluating the importance of Rayleigh scattering in non-
GOME geometries, though). A 10% ambiguity of a priori 8in
the S(v, 0, B(»)) calculation causes an error of a few percent
in I,(j). Therefore the y; error caused by scattering is less
than a few percent.

In the O, absorption region, scattering affects Q value
calculations. Because the optical path, including the O,
column density, is multiplied by scattering, the effective

0.6 0.8 1.0

or /vy
Figure 6. The |y| variation in log scale; M = 12, a;r;/y = 0.5, h = 5 km, and Av = 4.0 cm™".
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optical depth calculation depends on « and B. For low B,
scattering effects on Q value estimation are relatively high.
Therefore ambiguity in 8 might cause a serious error, and a
priori data on B are important for estimation of scattering
effects.

4.3. Spectral Band Database

The line parameters for these bands necessary to perform
the quantitative analysis proposed here are included in the
HITRAN and GEISA databases, derived from measure-
ments by Miller et al. [1969] and Giver et al. [1974]. The line
positions are well known for both bands. The intensities for
the O, B band are well known (to better than 2%), but for the
O, A band they are known to only 4%. For both bands,
considerable work is necessary on line-broadening parame-
ters. Pressure broadening is the chief determinant of line
widths and thus of radiative transfer through the bands
below about 8 km in the Earth’s atmosphere.

O, broadening of the O, A band lines at room temperature
is known to about 15%. No N, or air broadening studies
have been made, and no temperature dependencies have
been measured. The values used in the catalogs for O, A
band broadening are actually the more accurately deter-
mined O, B band width parameters (see below), a substitu-
tion made on the presumption that the vibrational depen-
dence of pressure-broadening coefficients is negligible.
Studies for the magnetic dipole-allowed microwave rotation-
less and far infrared rotational lines [Chance et al., 1991]
show that (1) air broadening can be substantially different
from O, broadening, (2) temperature dependence can differ
substantially from the suggested hard sphere value of T %3,
and (3) state-to-state dependence, even when sharing a
common lower state, can vary substantially between the
microwave rotationless and far infrared rotational lines. This
fact, plus experience with rotational and vibrational compar-
isons for other molecules, suggests that the O, A and B band
broadening parameters may differ at a level that is important
for detailed geophysical studies. The cumulative error in the
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widths under atmospheric conditions, considering all of
these factors, may well exceed 25%.

The O, B band widths are in somewhat better shape, as
they were performed at a later time using more fully devel-
oped techniques, but there are still only widths (albeit good
to 2-3%) for room temperature O, broadening. Broadening
values for this band also need to be expanded to include air
broadening and low temperatures to be useful for realistic
geophysical analysis.

Q value calculations depend directly on line intensities;
2% error in the intensities corresponds to a few percent error
in Q value calculation. Although GOME and SCIAMACHY
have a ~4.0-cm ! resolution, wider than the O, A and B
band line widths, the Q values are sensitive to pressure
broadening line widths both because the pressure broaden-
ing affects line saturation except in the optically thin limit
and because the slit function is triangular and the Q values
are proportional to convolutions of the line shape and the slit
function. The exact sensitivity depends on the line center
location in each channel. A 3% error in line width generally
corresponds to less than a few percent error in Q value
calculation.

Detailed sensitivity analyses to assess the precise effect of
line parameter uncertainties on the cloud parameter retrieval
accuracy are planned for the next phase of this investigation.
This will include more detailed dependence of Q values on
line parameters and on the measurement channel placement
with respect to the peaks of the O, lines. Simple radiative
transfer considerations imply that the determination of the
scene average path length is a process that depends primarily
on the optically thin components of the observations. We
expect that at the first level of approximation, the knowledge
of this quantity depends linearly upon the knowledge of the
line intensities. We also expect that in order to be able to
overcome potentially large systematic effects due to uncer-
tainties in line parameters, an in-flight characterization and
calibration scheme will need to be devised in order to
effectively utilize any data other than optically thin absorp-
tion measurements.

5. Conclusions

GOME and SCIAMACHY have several channels of vary-
ing, but moderate, optical depth in the O, A and B band
regions. We have proposed an operational method for deter-
mination of cloud parameters that has the potential to
produce accurate results with minimal computation time.
This method has been primarily developed as a contribution
to the development of the GOME and SCIAMACHY pro-
grams. It has the potential to be effective for other satellite-
based measurement programs as well, including geostation-
ary meteorological satellite observations that employ larger
IFOVs and longer integration times compared with the Sun
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synchronous satellite observations of GOME and SCIA-
MACHY. For accurate detection, further studies of spectral
band parameters, scattering effects, and Earth albedo stud-
ies are required. Scattering studies currently underway
include those of cloud-top reflection coefficients (BRDFs)
coupled to cloud type and altitude (J. Burrows, R. Spurr,
and T. Kurosu, private communication, 1993) and the Monte
Carlo multiple scattering calculations of scattering inside
clouds (H. Frank and U. Platt, private communication,
1993).
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