the highest concentrations of dissolved
solids.

The high calcium concentrations are
a major factor in the continuous forma-
tion of phosphate-bearing minerals such
as hydroxylapatite [Caz(PO,);OH] and
fluorapatite [Ca;(PO4)¢F,] throughout
the lake. In addition, the lake is over-
saturated with calcite (CaCQOy) through-
out the year except during the middle
and late winter when the pH falls be-
low 7.

Since Onondaga Lake serves as a
receptacle for an area that is almost
entirely urban, there is little contribu-
tion of phosphorus from natural and
agricultural sources. Preliminary esti-
mates of the influent total inorganic
phosphorus indicate that approximately
71 percent can be accounted for by
municipal point-source discharges, 19
percent by municipal nonpoint sources
(combined sewer overflows), 1 to 2 per-
cent by industrial sources, and 8 to 9
percent by agricultural and natural
sources (8). Natural sources have been
reported to account for 26 to 41 per-
cent of the phosphorus discharged to
the receiving water bodies in the con-
tinental United States. It has been
predicted that elimination of phos-
phates from detergents might result in
the reduction of the average total phos-
phorus concentrations in receiving
waters from 0.26 to 0.18 mg/liter for
a reduction of 37.7 percent (9). The
legislation limiting phosphates in deter-
gents has had a much more pronounced
effect on Onondaga Lake, reducing the

average concentration of total inorganic
phosphorus from 1.74 to 0.74 ‘mg/
liter—a net change of 57.4 percent.

It is evident that the limitation of de-
tergent phosphate composition to 8.7
percent phosphorus by weight has had
a discernible effect on the chemical
and biological composition of the lake.
Perhaps, therefore, a harder look should
be given to the use of this type of
legislation by State and Federal regula-
tory agencies in the control of cultural
eutrophication. Due to present domestic
fiscal policy limitations, legislation of
this nature may be one of the effective
methods of controlling eutrophication in
the immediate future.

C. B. Murpny, Jr.

O’Brien & Gere Engineers, Inc.,
1304 Buckley Road,
Syracuse, New York 13201
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Mars: Mariner 9 Spectroscopic Evidence for H.O Ice Clouds

Abstract. Spectral features observed with the Mariner 9 interferometer spec-
trometer are identified as those of H,O ice. The measured spectra are compared
with theoretical calculations for the transfer of radiation through clouds of ice
particles with variations in size distribution and integrated cloud mass. Compari-
sons with an observed spectrum from the Tharsis Ridge region indicate H,0O ice
clouds composed of particles with a mean radius of 2.0 micrometers and an inte-
grated cloud mass of 5 X 10— gram per square centimeter.

Ground-based observations indicate
that several distinct types of clouds
occur in the martian atmosphere in-
cluding yellow clouds, assumed to be
composed of blowing surface dust, and
white clouds, assumed to be condensed
volatile substances (7). White clouds
fall into two classes: (i) diffuse clouds
with no particular aerographic location
and (ii) discrete clouds at relatively
fixed aerographic locations (2). Dis-
crete clouds have been observed in the
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Nix Olympica-Tharsis Ridge area by
Slipher (3), in the near-encounter pic-
tures of Mariner 7 (4), and in the
Mariner 9 orbital pictures (5). Al-
though it has been suspected that the
white clouds are composed of H,0 ice
(6), to date no direct spectral evidence
has been found. We present here spec-
troscopic data indicating the existence
of H,O ice clouds on Mars in the re-
gion of the shield volcanoes of the
Tharsis Ridge. Estimates are given for

the cloud particle size and the inte-
grated cloud mass.

Spectra of Mars have been obtained
between 200 and 2000 cm—! with a
resolution of 2.4 cm—1 by the infrared
interferometer spectrometer (IRIS) car-
ried by the Mariner 9 spacecraft. The
observed spectral interval includes the
molecular absorption features of both
CO, and H,0. Observations of these
spectral features and their use in deter-
mining surface pressure, thermal struc-
ture, and the amount of H,O vapor
have appeared in the literature (7).
Broad absorption features, indicative of
particulate (dust) absorption, have also
been observed during the Mariner 9
mission. Spectra obtained in the later
part of the mission show additional
broad absorption features which differ
in position and width from those of the
dust clouds. These broad absorption
features were found to correspond
closely to those expected for H,O ice
clouds.

Figure 1A presents a comparison of
spectra observed in the Tharsis Ridge
region and the lower Arcadia region
with theoretical calculations for an H,O
ice cloud. The spectrum measured over
lower Arcadia shows an approximately
constant brightness temperature except
for the CO, absorption band centered
at 667 cm—! and the rotational H,O
vapor absorption lines below 400 cm—1.
In contrast, the Tharsis Ridge spectrum
exhibits a strikingly broad absorption
feature extending from 550 to 950
cm—1 with a second broad absorption
region evident between 225 and 350
cm—1, Superimposed on the latter is a
sharp spectral feature near 227 cm—1,
The theoretical H,O ice cloud spectrum
(Fig. 1B), described below, exhibits a
similar behavior.

The IRIS fields of view for the two
observed spectra are indicated in Fig.
2 by circles superimposed on a Mariner
9 television picture of the same region.
Prominent in the picture are the sum-
mits of Nix Olympica and of the three
shield volcanoes along the Tharsis
Ridge as well as the extensive cloud
systems to the west of the volcanoes.
Because of the substantial processing
of the television data, information con-
cerning the optical properties of the
clouds cannot be inferred visually from
Fig. 2. The cloud-free spectrum is asso-
ciated with the field of view in the left
portion of Fig. 2, whereas the ice cloud
spectrum from the field of view in the
center of the figure includes the clouds
off North Spot and Middle Spot. Since
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IRIS measurements of
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the summits of the volcanoes are visible
in Fig. 2, the bulk of the associated
clouds must be near or slightly below
these summits.

The theoretical calculations are based
on the theory of radiative transfer in
a scattering atmosphere containing
spherical particles with the refractive
index of H,O ice. The transfer calcula-
tions include a numerical integration

LOWER
ARCADIA

’ s

OLYMPICA

1
1000 1200

of the solution to the equation of radi-
ative transfer over discrete atmospheric
layers and over an angular mesh. The
numerical integration is similar to that
used by Herman and Browning (8) for
visible wavelengths. The complex re-
fractive indices of H,O ice were used
to calculate the absorption and scatter-
ing cross sections per unit volume and
the angularly dependent phase matrix

MIDDLE

Fig. 2. The IRIS fields of view superimposed on a television photograph taken at
nearly the same time as the spectral measurements. Indicated on the photograph are
the summits of Nix Olympica and of the three shield volcanoes along the Tharsis
Ridge—North Spot, Middle Spot, and South Spot.
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for a distribution of particle sizes. The
assumed spherical shape appears to be
a reasonable first approximation even
for nonspherical particles when the
wavelength of the radiation is much
larger than the particle dimensions.
This was found to be the case for the
wavelengths and particle sizes encoun-
tered in this study. The size distribu-
tion used for the calculations presented
in Fig. 1 had a mean particle radius
of 4.6 ym and a mode radius of 4.0
pm, and fell to one-tenth of its maxi-
mum value at 2.3 and 5.7 pm. Ice re-
fractive indices for wave numbers less
than 380 cm—! were obtained from
Bertie et al. (9), and those for wave
numbers greater than 380 cm—1 were
obtained from recent measurements of
Schaaf and Williams (/0). The labora-
tory measurements of Bertie et al. were
carried out using ice cooled to 77 K
and the measurements of Schaaf and
Williams using ice cooled to 268 K.
The latter temperature more closely
approximates martian conditions. The
use of two different sources for the
refractive indices causes a small dis-
continuity in the calculated spectrum at
380 cm—1. The cloud temperature was
chosen from the atmospheric tempera-
ture distribution derived from the
spectrum for the clear region; because
the two spectra were obtained from the
same general geographic area and at
nearly the same time, it was assumed
that the temperature profile from the
clear spectrum was also applicable for
the Tharsis Ridge spectrum. The sum-
mits of the great shield volcanoes ex-
tend very high into the atmosphere (/1)
and are generally situated between the
0.5- and the 1.0-mbar pressure levels.
Temperatures corresponding to these
altitudes in the lower Arcadia region
are 170 to 180 K. The top of the ice
cloud was assumed to be slightly below
the summit altitude at a temperature of
180 K and with a constant particle
number density in a layer 1 km thick.
In addition to being sensitive to the
cloud top temperature, the calculated
spectra are dependent on the integrated
cloud mass per unit area, which may
be related to the visible optical thick-
ness of the cloud, and on the mean
radius of the particles. The results of
theoretical calculations in the spectral
interval from 50 to 2000 cm—1! for ice
clouds of different visible optical thick-
nesses are shown in Fig. 3A with the
cloud particle size distribution having a
mean value equal to 4.6 um. The cor-

SCIENCE, VOL. 182



280, T T T T T 1 1 T T
A Tv=0.2
260+ Ty=0.4 -
/ v=0.6
240 =
Mass Number .
220 7 | ugema (cm-2)
200 0.2 75 1.20 x 105 -
o~ 0.4 151 2.41 X 108
x .6 226 3.61 X 105
5 180 0 X N
5
® 160 1 1 1 1 1 1 1 1 I
£
o.
g
3
3
£ 280 T T T T T T T T T
:5_0 B
@ 260 <r>=20pm ]

n

ey

o
1

220 [
200}

180

160

d

] 1 1 1
200 400 600 800

1
1000

! { | ]
1200 1400 1600 1800 2000

Wave number (cm-1)

Fig. 3. Results of calculations made for variations in cloud visible optical thickness
rv (A) and in particle size distribution (B). The arrows indicate the position of
greatest independent variation in brightness temperature with respect to each variable.

responding integrated cloud mass per
unit area and the number of particles
per unit area are shown in the inset.
For each calculated spectrum the total
number of particles in the cloud was
adjusted to give the visible optical depth
indicated. Increasing the visible optical
depth was found to strengthen the infra-
red attenuation throughout the spec-
trum and to preferentially strengthen
the absorption features near 227 and
750 cm—1. Variation of the cloud top
temperature produced an effect similar
to a variation of the visible optical
thickness of the cloud. Therefore, it
is not possible to uniquely determine
both a cloud top temperature and the
visible optical thickness from the infra-
red spectral measurements alone.

The dependence of the emergent
spectrum on the size distribution of
the cloud particles may be character-
ized by a mean particle radius (r). Fig-
ure 3B shows spectra calculated for
two different particle size distributions,
assumed to be the modified gamma-
distributions as discussed by Deirmend-
jian (12). The major effect of variation
of the particle size distribution occurs
near 500 cm—! where the refractive
indices of ice and the particle sizes en-
countered are such as to cause strong
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variation in the albedo for single scat-
tering. The size distributions containing
many large particles were found to
have a larger albedo for single scatter-
ing near 500 cm—! than distributions
with relatively few large particles.
Therefore, the particle size can be esti-
mated by choosing that distribution
which produces the best fit between
measured and calculated spectra, espe-
cially near 500 cm—1,

Since variation of the size distribu-
tion and variation of the visible optical
thickness do not produce mutually in-
dependent results, it is necessary to
match the measured and calculated
spectra while varying both parameters.
The best fit between the measured and
calculated spectra was found for the
mean radius (r) equal to 2.0 um and
the visible optical depth equal to 0.4.
The particle size distribution which pro-
duced the best fit to the measured spec-
trum was the cloud C.3 distribution of
Diermendjian (12). This particle size dis-
tribution falls to one-tenth of its maxi-
mum value at particle radii of 1.2 and
2.8 um. The mode radius for the C.3 dis-
tribution is 2.0 um, and thus the distri-
bution is essentially symmetric about
the mode radius. From the best-fit visi-
ble optical thickness the integrated

mass of the cloud was found to be
5% 10—5 g cm—2. The integrated cloud
mass inferred is necessarily an average
over the field of view, and thus the
actual integrated mass in the brightest
regions of Fig. 2 may be 2X 10-¢ g
cm~—2 or slightly larger. This value can
be contrasted with the integrated
amount of HyO vapor (5X10-3 g
cm—2) found in the nearby lower
Arcadia spectrum. The source of the
water forming the observed clouds is
unknown. However, in view of the
small amounts of H,O vapor needed
to form the cloud, surface outgassing
is not required. Discussion of the evi-
dence supporting either local degassing
from the surface or orographic uplift
coupled with convection has been pre-
sented by Leovy et al. (5).

Many spectra collected by the Mari-
ner 9 IRIS contain spectral features
indicative of H,O ice. However, we
have chosen the Tharsis Ridge spec-
trum for investigation because of its
historical significance and because its
strong thermal contrast favors quanti-
tative interpretation of the ice features,

ROBERT J. CURRAN
BARNEY J. CONRATH
RuboLF A. HANEL
ViIrRGIL G. KUNDE, JouN C. PEARL
Goddard Space Flight Center,
National Aeronautics and Space
Administration, Greenbelt, Maryland
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