
estimate single scattering albedos of 0.98 
and 0.995, respectively, for the flights of 
these two dates. For the tropospheric 
samples, the integrating nephelometer 
aboard the B-23 was usually off-scale 
and above m-I. A typical value of 
u,, of 5 x thus implies a lower limit 
for single scatter albedo of 0.995. 
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Measurements of the Imaginary Part of the Refractive Index 
Between 300 and 700 Nanometers for Mount St. Helens Ash 

Abstract. The absorption properties, expressed as a wavelength-dependent imagi- 
nary index of refraction, of the Mount St .  Helens ash from the 18 May 1980 eruption 
were measured between 300 and 700 nanometers by diffuse reflectance techniques. 
The measurements were made for both surface and stratospheric samples. The 
stratospheric samples show imaginary index values that decrease from approximate- 
ly 0.01 to 0.02 at 300 nanometers to about 0.0015 at 700 nanometers. The surface 
samples show less wavelength variation in imaginary refractive index over this spec- 
tral range. 

The 18 May 1980 eruption of Mount 
St. Helens injected material into the 
stratosphere to an altitude of approxi- 
mately 20 km, and the resulting strato- 
spheric plume has covered major por- 
tions of the Northern Hemisphere (I). 
The possible effects on climate of this or 
of other volcanic injection of material 
into the stratosphere are determined by 
the radiative properties of the strato- 
spheric aerosol. 

In general these aerosol particles inter- 
act with solar and with thermal infrared 
radiation fields to produce temperature 
changes, both at the surface and at dif- 
ferent levels in the atmosphere. The radi- 
ative effects of the aerosol depend on the 
optical constants of the aerosol and may 
be quite different for aerosols with dif- 
fering optical constants. 

These stratospheric aerosols are of 
two general types: a silicate ash pro- 
duced directly at the time of the ex- 
plosion and a sulfuric acid-water sul- 
fate aerosol produced as a result of gas- 

to-particle conversion processes that 
occur in the volcanic plume. The silicate 
aerosol has its greatest relative impor- 
tance in the months immediately after 
an eruption, while the sulfate aerosol is 
of relatively greater importance in later 
months. 

Quantitative models that describe the 
radiative or climatic effects of these 
aerosols have been discussed by several 
investigators (2-5). In these models, the 
optical effects are based on numerical 
calculations in which it is assumed that 
the particles are homogeneous spheres. 
Scattering coefficients for Mie's solution 
for scattering of electromagnetic waves 
(6) are related to the size and composi- 
tion of the particles through a size pa- 
rameter x = 2 n r / A ,  where r is the par- 
ticle radius and A is the wavelength of the 
incident radiation, and a complex index 
of refraction m = n,, - i nlM, where the 
real part  RE is the ratio of the speed of 
light in a vacuum to its speed in the par- 
ticle, and the imaginary part ~ I M  is an ab- 
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sorption parameter that is related to the 
usual Bouguer-Lambert absorption coef- 
ficient k by means of the equation 

At visible wavelengths, both scatter- 
ing and absorption are significant, as are 
details of the way in which solar energy 
is redistributed in the atmosphere be- 
cause of particle scattering. At infrared 
wavelengths the optical effects are domi- 
nated by the absorption and emission 
characteristics of the aerosol, and the 
scattering behavior is of less importance. 

The incident solar radiation that is 
scattered by the particles in the hemi- 
sphere away from the earth's surface 
may, as a first approximation, be consid- 
ered to be lost to space. This effect acts 
to increase the planetary albedo, while 
the portion of the light scattered in the 
downward direction can still enter into 
the radiation balance of the earth-atmo- 
sphere system below the aerosol layer. 
The incident radiation that is absorbed in 
the layer by the particles also acts to de- 
crease the planetary albedo. The relative 
contributions of each of the competing 
effects of the visible radiation lost to 
space by scattering and that retained by 
particle absorption have important con- 
sequences for the radiative effects of 
these particles. 

Calculations of Coakley and Grams (2) 
suggest that particles in the size range of 
0.1 to 1 pm have a net cooling effect on 
the earth's surface; the cooling effects 
due to the interaction of the aerosol with 
solar radiation are of greater magnitude 
than the heating due to infrared effects. 
The net cooling calculated depends on 
both the visible and the infrared optical 
constants of the aerosol as well as the 
size of the particles. Data of Pollack et 
al. (5) suggest a net cooling for the sul- 
furic acid aerosol but, depending on the 
actual optical constants, either heating 
or cooling is possible for the silicate 
aerosol. 

In addition, calculations of rates of in 
situ heating induced by stratospheric 
aerosol particles are extremely sensitive 
to nlM values at visible wavelengths. 
Fiocco, Grams, and Mugnai (4) calcu- 
lated stratospheric heating rates as a 
function of latitude and of the albedo of 
the underlying earth-atmosphere system 
for four different models of the spectral 
variation in the complex index of refrac- 
tion. They found that the rates of strato- 
spheric heating induced by the aerosol 
layer are most sensitive to changes in the 
visible values of alp.$. 

Both the visible and the infrared opti- 
cal constants of the sulfuric acid-water 
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aerosol have been measured by Palmer 
and Williams (7); in particular, this sul- 
fate aerosol will have a very low value of 
the n I ~  (< at visible wavelengths. 
  he silicate ash may be considered to be 
a much more heterogeneous component 
qf the aerosol than the sulfate. Infrared 
measurements show, however, that the 
10-gm silicate absorption feature that 
dominates the mid-infrared absorption 
spectrum of the volcanic ash has only a 
minor variation among samples ranging 
from basaltic to rhyolytic in composition 
(8).  

Furthermore, quantitative measure- 
ments of the imaginary refractive index 
in this 10-pm region show that the values 
of nlM far the silicate ash are similar to 
those of the sulfate aerosol. Since the 
modeling efforts discussed above suggest 
that the infrared optical properties are of 
less importance in determining the cli- 
matic effects of the aerosols than the vis- 
ible optical properties, such differences 
in infrared absorption do not appear to 
be significant. The real refractive index 
of the silicate component of the aerosol 
is known to be approximately 1.5 to 1.6 
through the visible. There is, however, a 
range of color associated with different 
samples of volcanic ash, from dark gray 
to nearly white, with corresponding dif- 
ferences in the measured imaginary re- 
fractive indices at visible wavelengths. It 
appears then that the uncertainty in the 
knowledge of the imaginary refra~tive in- 
dices at visible wavelengths is the major 
uncertainty associated with knowledge 
of the optical constants of the ash. Mod- 
eling af the radiative effects of the partic- 
ular volcana such as Mount St. Helens 
requires knowledge of the absorptive 
properties of the ash at visible wave- 
lengths. 

Absorption measurements on the ash 
from the 18 May Mount St. Helens erup- 
tion were made for samples from several 
surface locations, including sites rela- 
tively close to the volcano in eastern 
Washington and pore  distant sites in 
Montana and Colorado, as well as for 
samples collected within the strato- 
sphere at altitudes of 15 and 18 km. 

Our surface samples could be sepa- 
rated into two groups on the basis of col- 
or: one was characterized by a pale gray 
appeqrance and the other by a somewhat 
darker gray appearance, These ash col- 
ors correspond to t y o  major pulses of 
ash ejection by the volcano. The first 
pulse was reported to be dark gray, 
changing to a pale gray ash at approxi- 
mately 1917 Universal Time (I). Trajec- 
tory analysis indicates that these surface 
samples represent material that was 
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Fig. 1.  Imaginary index of re- 
fraction measurements at vis- 
ible wavelengths for three sur- 
face samples (Bozeman, Mon- 
tana; Boulder, Colorado; 
Cheney , Washington) and two 
samples from the stratosphere 
(0, a 15-km sample from 20 
May; 0,  an 18-km sample 
from 21 May) of Mount St. 
Helens ash. A surface sample 
of ash from Volcan de Fuego 
and basalt data from (5) are al- 
so shown. 

transported into the mid- to upper tropo- 
sphere. Our stratospheric samples had, 
by comparison, a tan appearance, re- 
flecting the size-fractionation of material 
that occurred with increasing altitude. 

Surface samples were collected from 
ashfall material deposited on clean sur- 
faces. Stratospheric samples were col- 
lected on IPC filters aboard an MB-57F 
aircraft flown in the lower stratosphere 
by NASA for the Los Alamos Scientific 
Laboratory. After an H,O leach of sol- 
uble material, the samples were ashed to 
destruct the filter. Tests of samples of 
volcanic ash collected at the surface 
showed that this ashing procedure did 
not affect the measured absorption. 

The absorption measurements were 
made by an integrating sphere technique 
with analysis by the Kubelka-Munk the- 
ory. The application of this technique to 
aerosol absorption measurements has 
been discussed by Patterson et al. (9)  
and by Lindberg and Laud (10). In gener- 
al, the Kubelka-Munk theory is a phe- 
nomenological theory {hat relates the to- 
tal diffuse reflectance R ,  of a sample and 
the absorption-to-scattering ratio of the 
material. 

In my procedure, total diffuse reflect- 
ance of a white standard (BaSOJ is mea- 
sured, and then the reflectance of a high- 
ly dilute mixture of the aerosol sample 
with the white standard is measured. For 
such a dilute mixture, the scattering co- 
efficient of the mixture is the scattering 
coefficient of the standard. The absorp- 
tion coefficient of the aerosol is deter- 
mined from the two reflectance measure- 
ments and the known relative volume of 
the aerosol; the imaginary index of re- 
fraction is calculated from Eq. 1. 

The results of these absorjption mea- 
surements for the two gray samples from 

Bozeman, Montana, and Boulder, Colo- 
rado, are shown in Fig 1. The coloration 
of the two samples was quite similar, and 
there is excellent agreement between the 
two sets of absorption measurements. 
The absorption of another surface 
sample, a pale gray sample from Cheney , 
Washington (Fig. I), is lower than that of 
the gray samples by a factor of 2 
throughout much of the visible spec- 
trum. 

The stratospheric samples, a 15-km 
sample from the 20 May flight and an 18- 
km sample from the 21 May flight show 
values of nlM that are consistent with sur- 
face measurements, but with a some- 
what greater wavelength variation in nlhl, 
as expected from the differences in ob- 
served coloration. The two stratospheric 
samples have quite similar nlM values 
near 700 nm; the 18-km sample, how- 
ever, shows a significantly higher ab- 
sorption near 300 nm than the 15-km 
sample. 

For comparison, n l ~  data for two other 
volcanic materials are presented in Fig. 
1: ash from Volcan de Fuego in Guate- 
mala and a basalt sample measure4 by 
Pollack et al. (11). The Fuego ash, mea- 
sured by the same diffuse reflectance 
technique, is much darker than the 
hfount St. Helens ash and has a slight 
brown coloration. The n,, values of the 
Fuego ash are roughly an order of magni- 
tude higher than those of Mount St. 
Helens, with a wavelength dependence 
that is similar to that of our stratospheric 
samples. The basalt data are lower and 
show a different wavelength depen- 
dence. 

The samples from the stratosphere 
were representative of the silicate aero- 
sol that is likely to have the greatest po- 
tential impact on climate. Each of the 
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stratospheric samples has a similar low 
value of nlM (- 1.5 x at 700 nm; it 
increases to approximately 0.007 for the 
15-km sample and to 0.02 for the 18-km 
samples at 300 nm. The measured nl ,  
values for the stratospheric samples are 
in the same range as those for the surface 
samples. The stratospheric samples, 
however, show a greater wavelength de- 
pendence than the surface samples. 

In contrast, a highly absorbing anthro- 
pogenic aerosol, elemental carbon, has 
an n,, value of - 0.6 throughout the vis- 
ible spectrum (12). A white substance 
such as ammonium sulfate has an n l ~  val- 
ue of < lo-' (13) in the visible, and rep- 
resentative light tan desert aerosols have 
n,, values that range from - 0.003 at 700 
nm to - 0.02 at 300 nm (14). 

The volcanic material measured by 
Pollack et al .  (11) has smaller values of 
nl ,  throughout the visible spectrum; a 
synthetic aerosol modeled by Ivlev and 
Popova (15) that was used for strato- 
spheric calculations has an n,, value of 
0.005 through the visible; this value is 
larger than the stratospheric values for 
the wavelengths greater than 380 nm, a 
wavelength range that encompasses 
> 90 percent of the extraterrestrial solar 
flux. 

In the absence of more detailed calcu- 
lations, the modeled effects of the Mount 
St. Helens ash might be expected to be 
intermediate between those of the basalt 
aerosol (5) and those of the Ivlev and Po- 
pova aerosol (2, 4 ) .  In particular, some 
significant in situ stratospheric heating 
due to the absorption of solar radiation 
by the aerosol would be expected; for 
particles of the size range with the great- 
est stratospheric lifetime, a net surface 
cooling, though by an amount smaller 
than that modeled for basalt, would be 
expected. 
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Marine Macrophytes as a Global Carbon Sink 

Abstract. Marine macrophyte biomass praduction, burial, oxidation, calcium car- 
bonate dissolution, and metabolically accelerated di@usion of carbon dioxide across 
the air-sea interface may combine to sequester at least lo9  tons of carbon per year in 
the ocean. This carbon sink may partially account for discrepancies in extant global 
carbon budgets. 

Approximately 5 x lo9 tons of carbon 
are released to the atmosphere annually 
as CO, by the burning of fossil fuel (1). 
Carbon dioxide remaining in the atmo- 
sphere accounts for about 50 percent of 
the fossil fuel carbon released; about 40 
percent is estimated to diffuse across the 
air-sea interface into the dissolved CQ, 
pool of surface ocean water ( 2 4 ) .  It has 
been suggested by default that increasing 

biomass on land accounts for the remain- 
ing 10 percent (2 ,4) .  An alternative argu- 
ment is that there has been a net reduc- 
tion of terrestrial biomass equjvalent to 
20 to 100 percent of the carbon liberated 
from fossil fuel (3, 5, 6). 

Carbon sinks may fail to account for 
0.5 to 5 x lo9 tons of carbon per year. 
Substantial carbon sinks that have been 
overlooked or erroneous evaluation 

Global plant biomass (percent) 
0.00 1 0.0 1 0.1 1 1 0  100  

Total plant biomass (109tonS C) 

Fig. 1. Primary production, biomass, and turnover time for carbon in the biosphere, adapted 
from (9). Letters A to N (italic) indicate terrestrial ecosystems and remaining letters 0 to S 
(roman) indicate marine ecosystems: A is tropical rain forest; B is tropical seasonal forest; C is 
temperate evergreen forest; D is temperate de~iduous forest; E is boreal forest; F is woodland 
and shrubland; G is savanna; H is temperate grassland; I is tundra and alpine meadow; J is desert 
scrub; K is rock, ice, and sand; L is cultivated land; M is swamp and marsh; N is lake and 
stream; 0 is open ocean; P is upwelling zones, Q is continental shelf; R is dgal bed and reef; and 
S is estuaries. The cumulative fossil carbop input and the input rates (I) are shown as a dashed 
line. Since the source is not constant in size or input rate, the line represents a locus of points 
through time. 
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