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. ABSTRACT

Fifteen lidar observations of the stratospheric aerosol were made
between February and November 1975. All cbservations revealed the
greatly increased particulate backscattering that followed the eruption
of the volcano Fuego in October 1974. Vertical structure consisted ini-
tially of multiple layers, which later merged to form a single, broader
peak. Essentially all of the increased scattering was confined to alti-
tudes below 20 km. Hence, aerosol layer ceatroils in 1975 were typically
several km below their altitude prior to the eruption.

Our observations began in mid-February, at about the time of maxfimum
northern midlatitude influence of the volcanic injection. From late Feb-
ruary on, both vertically integrated particulate backscattering and the
peak ratio of particulate to gaseous backscattering displayed approxi-
mately exponential declines, with mean lifetimes (l/e-lives) of eight
and eleven months, respectively. These relatively short residence times
are a combined consequence of the low altitude of the volcanic particles
and their larger mean size as compared to the preinjection, or unperturbed,
aerosol. The peak scattering ratio of our average 1975 profile was 1.7,
and the vertically inﬁegrated particulate backscattering was 3.6 x 10.4

sr.l (both at A = 694 nm), The mean midvisible particulate optical thick-

ness, derived from measured backscattering and realistic optical models,
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was about 0.03, approximately six times the mean value in the year before
the Fuego eruption, but not as large as values observed for some years
after the 1963 Agung eruption.

Radiative and thermal consequences of the measured post-Fuego layer
were computed using several recently published models. The models pre-
dict a temperature increase of several °K at the altitude of the layer,
caused by the infrared absorption bands of the sulfuric acid particles.
The surface temperature decrease predicted by the models is considerably
smaller than 1°K, partly because of the small optical thickness of the
volcanic layer, and partly because of its short residence time relative

to the earth-ocean thermal response time.
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1. Introduction

In October 1974 the velcano Fuego in Guatemala (14.5°N, 91°W)
erupted violently over a period of several days (Smithsonian, 1974).
The eruption plume penetrated into the stratosphere, and very shortly
thereafter dramatic twilight effects were pbserved at many northern
hemisphere locations as the cloud was transported by the stratospheric
circulation (e.g., Meinel and Meinel, 1974; Fegley and Ellis, 1975;
Volz, 1975). Sudden increases in the numbers, mass, and optical backe
scattering and extinction of stratospheric particles were measured by
balloon-borne counters, aircraft-borne samplers, ground-based lidars,
and a spacecraft -borne radiometer at a variety of locations (e.g., Hof-
mann and Rosen, 1976; Ferry and Lem, 1975; Lazrus et al., 1975; Remsberg
and Northam, 1975; McCormick and Fuller, 1975; Fegley and Ellis, 1975;
Fernald and Frush, 1975a,b; Hirono et al., 1975; Pepin, 1975). At
northern midlatitudes, both the numbers of particles and their optical
backscattering were observed to increase very irregularly until about
February 1975, after which a more regular decline began.

This paper describes stratospheric lidar measurements made at
Menlo Park, California (37° N, 122 W) between mid-February and mid-
November 1975. The measurements thus began when the influence of the
Fuego injection was near its peak in northern midlatitudes, and they
trace the subsequent cdacline and tendency toward pre-Fuego conditions.

The measurements were an extension of a pre-Fuego observation series
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that has been described elsewhere (Russell et al., 1974, 1976a,b).

The purpose of this paper is to document the 1975 decline in stratospheric
aerosol content, to compare our post-Fuego lidar measurements to pre- and
post-Fuego measurements made by a variety of methods, and to derive some
conclusions about the radiative and thermal consequences of this strato-
spheric aerosol event. Section 2 reviews the equipment and data analysis
procedures used in the study. Section 3 presents the results and compares
them to other measurements. Section &4 discusses the significance :f the
results, especially in terms or particle transport and removal processes,
and possible radiative/climatic consequences of the Fuego or similar

events.
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2. Instrumentation and Data Analysis

A lidar operates by firing a pulse of laser energy into the atme-
sphere and measuring the amount of energy scattered back by atmospheric
constituents. The ground-based ruby lidar used for all observations in
this study is the one used in our pre-Fuego series and was described in
detail by Russell et al. (1974; 1976a,b). It produces l- to 2-Joule
pulses of wavelength 694 nm and uses a 40.6-cm (16=inch) receiving tele-
scope. The receiver is interfaced to a computer-based digital data ac-
quisition system that permits real-time display of signals integrated
from many pulses. For each nightly observation, the lidar was cperated
in four or more alternating periods of low and high sensitivity, with
the receiver partially obscured to produce the low-sensitivity mode.
This method was used to extend the vertical range over which received
signals could be accurately digitized. Both current and pulse-counting
data were acquired to extend the vertical range of digitization accuracy
within each sensitivity mode.

The final data analysis was performed off-line on a larger computer
using the method described by Russell et al. (1974; 1976a,b). Data from
all four operating modes (low=sensivity current, low-sensitivity pulse-
counting, high-sensitivity current, and high-sensitivity pulse-counting)
were combined to obtain a signal profile valid over an altitude range
that typically extended between ~7.5 and 30 km (and above). This sig-

nal profile, together with a molecular density profile measured by
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radiosonde at Oakland (32 km to the north) on the night of the lidar
observation, and a stratospheric extinction profile, was used to compute
a profile of scattering ratio, defined as

f (2) + £m(z)

R(z) * fm(z)

z= 1+ fp(a)/fm(z) ) (1)

where fp(z) and fm(z) are, respectively, the particulate and molecular
(gaseous) backscattering coefficiente at altitude z.

Because the lidar system calibration and the low-altitude atmospheric
transmission are unknown, the scattering ratio profiles can initially be
computed only to within an arbitrary constant. To fix this constant, )
each profile of R(z) is normalized to produce a statistically significant
minimum value of unity. This procedure yields valid profiles, provided
a level of negligibly small particulate-to-molecular backscattering ratio
(fp/fm) exists within the altitude range of signal analysis (see Sectioné
for discussion). In computing scattering ratio profiles, a particulate
extinction profile must be assumed, and in this work the model of Elterman
(1968) for a wavelength of 700 nm was used. This modzl differs from the
model of negligible particulate extinction used in our 1972-74 observa-

tions, and is used to tuke account of the increased stratospheric partic-

ulate content observed since the eruption of Fuego (see also Section 4).
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The probable error of each computed scattering ratio data point is
also computed as a part of the analysis. As described in detail dy
Russell et al. (1974; 1976a,b) the computed error includes the probable
error in lidar- easured signal, in radiosonde-measursd density, and in
assumed stratospheric extinction. "Error bars," equal to + one standard
error derived in this manner, are then plotted along with the measurement

data, as shown below.

e



3.  Results

The vertical profiles of scattering ratio measured in the fifteen
1973 observations are shown in Figure 1. Alsc shown for comparison in
each frame is the average profile of scattering ratio measured between
June 1973 and March 1974 in our pre-Fu:go series. In each profile thc
excess of scattering ratio over unity may be interpreted as a type of
“optical mixing ratio," as it i{s equal to the ratio of light backscattered
by particles to that backscattered by gases (cf. Eq (1)]. Thus, for ex-
ample, on 13 February at 19 km, particulate backscattering was three times
as great as gaseous backscattering for the 694 nm wavelength. This very
thin and intense scattering layer was evidently quite localized or short-
lived, since a scattering ratio as large as four was not measured in sub-
sequent observations either by us or by other North American observers.
Nevertheless, the major increase in stratospheric particulate content
caused by the Fuego eruption is obvious in all of the 1975 observations.

It is evident that the injection had its largest effect at altitudes
below 20 km, thus shifting the peak altitude of scattering ratio at least
reveral km below its immediate nre-Fuego valve of 22 to 23 km. Other
features of aerosol layer vertical structure revealed by the lidar mea-
surements include a multiple-layer structure (in the early 1975 obser-
vations) that gave way ¢o a single, broader peak; a temporary increase in
particulate backscattering at the lowest stratospheric altitudes in

spring; and a change in layer-top structure (near 20 km) from very abrupt
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VERTICAL PROFILES OF SCATTERING RATIO
MEASURED BY THE RUBY LIDAR IN 15
OBSERVATIONS, FEBRUARY-NOVEMBER 1975

The dashed profile, shown for comparison, is the
average of 16 observations made in the pre-Fuego
period, June 1973-March 1974.



(1.e; "flat") to more gradual, or sloping, and then back to somewhat
abrupt in November 1975. All of these features are in agreement with

the balloon observations made in Laramie, Wyoming, during the same period
by Hofmann and Rosen (1976).

In the later 1975 profiles there is a definite increase of scattering
ratio above 24 km, suggesting a gradual penetration of volcanic influence
(either particles or particle-forming gases) to these altitudes. It is
especially interesting to note that the November profiles, and to a cer-
tain extent the 3 September profile, have a distinct minimum in scattering
ratio ju-t above the main peak. Above this minimum a very broad secondary
layer can be seen, as shown in more detail, and at higher altitudes,
in Figure 2. These profile shapes, which cannot be caused by the normal-

ization procedure, suggest a particle formation source that is above the

main layer. Recently, Crutzen (1976) has described photodissociation of
(possibly volcanic) carbonyl sulfide (CSO) as a possible source of sulfur
above 25 km, which would lead to particle formation at those altitudes.
Although the present data sample is very limited, its crude agreement
with Crutzen's theory warrants further examination (see also Section 4).
{Scattering ratios above 35 km are shown as dotted lines in Figure 2
because local radiosonde data on the observation dates did not extend
above that altitude. At altitudes between 35 and 40 km, possible differ-

ences between actual and standard atmospheric densities are large enough
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(~157%) that scattering ratios computed from a standard density profile
are not useful for normalization or for the purposes of Figure 2.]

One reason for making the four November observations in a period
of only three days was to determine the size of day-to-day changes in
layer structure. As can readily be seen from Figures 1 and 2, such
changes were small, and caused primarily by vertical movements of the
layer as a whole, indicating that layer structure had by November become
rather stable. Within the November data set, dawn and twilight observa-
tions were made to permit a search for significant structure differences
occurring between these two times of day. Again, close comparisons did
not reveal any dawn-to-twilight or midnight-to-twilight differences.
Finally, on an even shorter time scale, four individual portions of the
13 November dawn run, each consisting of several tens of minutes of data
selected from a two-hour period, were compared in a search for systematic
differences that might occur as sunlight began to impinge on the aerosol
layer. This search also proved negative, as any differences that were
observed did not appear to have any systematic dependence on the increas-
ing solar illumination.

Figure 3 shows the time variation during 1975 of three different
quantities that measure the predominant altitude of particulate back-
scattering between 10-and 30 km. These quantities are the altitude of
maximum scattering ratio; the centroid of the "optical mixing ratio,"

R-1; and the centroid of the particulate backscattering coefficient fp'

10
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FIGURE 3 TIME VARIATION OF ALTITUDE OF MAXIMUM
SCATTERING RATIO, CENTROID OF (R-1) AND
CENTROID OF PARTICULATE BACKSCATTERING,
FEBRUARY-NOVEMBER 1976

The centroid calculations were restricted to the aititude
range 10-30 km. The altitude of R, in the June
1973-March 1974 average profile is 21.9 km, or 0.5 km
above the dashed line.

As expected from Figure 1, all three altitudes are consistently lower

than the corresponding values observed during 1973-74. The springtime
increase of scattering at the lowest stratospheric altitucdes, mentioned
above, is reflected by a lowering of centroids between late February and
late April. After mid-April there is a gradual overall rise in centroids,
as they appear to be approaching the 1973-74 values. Such a rise in cen-

troids can be attributed to a reduction of scattering at lower altitudes

11



compared to higher altitudes, and is consistent with the occurrence of
more efficient particle removal mechanisms at lower altitudes than at
higher. As discussed by Hofmann, et al. (1975) and Hofmann and Rosen
(1976), there are two possible mechanisms that tend to produce this result.
One mechanism is the variations in tropopause height between late spring
and early fall, which provide an effective cleansing process that is not
present above 17 km. The second mechanism is particle sedimentation.
This mechanism was more effective at lower altitudes than at higher, be-
cause in the post-Fuego period, as shown by Hofmann and Rosen (1976),
the mean particle size between 14 and 18 km was larger than it was at
higher altitudes. Faster sedimentation of larger particles therefore
leads to the observed result. Again, the presence of a particle-
production mechanism above the initial injection, as suggested by Crutzen
(1976), could also contribute to this effect.

Figure 4 shows the behavior of maximum scattering ratio and verti-
cally integrated particulate backscattering (10 to 30 km) over the

*
February-November 1975 period. An overall decline is evident in both

*The values for 26 February and 30 April have been increased somewhat
(relative to the values in Figures 1 and 2) by a renormalization that
forces scattering ratios above 22 km to approximate those measured in
surrounding observations. This procedure is to compensate for the
original normalization above 10 km, a region that the other lidar ob-
servations indicate frequently does not contain a 'clean" layer suitable
for normalization.

12
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TIME VARIATION OF VERTICALLY INTEGRATED
PARTICULATE BACKSCATTERING AND MAXIMUM
SCATTERING RATIO, FEBRUARY-NOVEMBER 1976

The vertical integration was restricted to the altitude
range 10-30 km.

quantities., After the first February observation, the maximum scattering

ratio values (open circles) are fitted fairly well by an equation of the

form

13
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where the best-fit mean life, E. is 11 months. This value converts to

a half-life t of 7.7 months. Prior to April, the vertically integrated

1/2
particulate backscattering values (dark circles) do not decrease as regu-
larly as do the (Rmax - 1) values (open circles). Nevertheless, the mean
life of an exponential best-fit provides a useful measure of the overall
rate of decline. The values thus obtained are a mean life t of 8.4 months

and a half-life t of 5.8 months. Thus vertically integrated particu-

1/2
late backscattering declined more rapidly than (Rhax-1)° Again, this

is consistent with more effective removal mechanisms below the altitude

of Rhax’ because the majority of vertically integrated particulate back-
scattering occurred at those altitudes. (Note again the centroid alti-

tudes in Figure 4 and the discussion thereof.)

The relation of the present postvolcanic maximum scattering ratios
to those measured by a number of observers since 1964 is shown in Fig-
ure Sa. The February and 9 April 1975 values of (R.max -1) were a factor
of eight or more larger than typical values observed at SRI between June
1973 and March 1974, shortly before the Fuego volcanic eruption. Never-
theless, typical values since March 1975 have not been as large as those
frequently observed by Grams and Fiocco (1967) in the years following
the Agung eruption of March 1963 (see also Grams 1966). Since the

18-month observation series of Grams and Fiocco did not even begin until

nine months after the Agung eruption, these data indicate that less

14
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8. Maximum ratio ot particulate to gaseous backscattering
measured by a number of stratospheric lidar groups. Boxes
indicate mean of many observations; bars indicate range in
time and magnitude. GF: Grams and Fiocco (1967),
Massachusetts; CL: Collis and Ligda (1966}, California;

C: Clemesha et al. (1986), Jamaica; S: Schuster (1970),
Colorado; CR: Clemesha and Rodrigues (1971), Brazil;

O: Ottway (1972), Jamaica: FS: Frush and Schuster
{unpublished), Colotado; F: Fox et al. (1973), Hawaii and
Bermuda: YE: Young and Elford (1975), Australia; RVH:
Present work and Russell et al. (1974, 1976b), California.
b. Number of particles (radius 2 0.15 4m) above tropopause
as measured by photoelectric particle counter (Hofmann

et al.; 1972-74; 1973b. 1874, 1975, 1976). Arrows give
times of volcanic erruptions with appreciable stratospheric
penetration.
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particulate and particle-forming material was introduced into the northern

mid-latitude stratosphere by Fuego than by Agung.

Figure 5b shows values of the number of particles above the tropo-
pause, as measured by balloon-borne counters flown from several Northern
midlatitude sites (see references in the Figure caption). The general
trend of these data parallels that of the lidar data, in showing an over-
all decline by an order of magnitude between 1964 and late 1974, an ab-
rupt increase between October 1974 and early 1975, and a quite regular
decline thereafter. Considering the differences between the two quanti-
ties being plotted ( a point mixing ratio in Figure 5a and a vertically
integrated absolute concentration in Figure 5b) and also the differences
in measurement location, the overall agreement between the two data sets
is very good.

It would of course be desirable to compare measured quantities
that are more similar in character. However, until recently, lidar data
have not been published as vertically integrated backscattering amounts,
and balloon data have not been summarized as maximum mixing ratios., For-
tunately, this situation is changing, and Hofmann and Rosen (1976) have
recently published a time series of the maximum mixing ratio (particles
per mg of air) and vertically integrated content (15 to 20 km), both as
measured by balloon, in a format very similar to that of Figure 4. The
agreement between the lidar and balloon data revealed in this manner is

quite striking. Both the balloon-measured maximum mixing ratio and the

16
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balloon-measured column content displayed approximately exponential de-
clines after mid-February 1975, as did the lidar data of Figure 4., More-
over, the maximum mixing ratio had a longer mean life (12 months) than
did the column content (6.6 months), again as in Figure 4. It may be
significant that the balloon-measured mixing ratio lifetime was somewhat
longer (by 8%) than the corresponding lidar-measured value (11 months).
The difference could be caused by the stronger weighting of lidar back-
scattering by larger particles, which tend to fall out faster than small
ones. The lidar and balloon column-content measurements cannot be com-
pared exactly, because of their different height ranges.

Figure 6 shows the error-weighted average profile of scattering
ratio for the February-November 1975 period. (The 26 February and 30
April profiles were omitted from the average becazuse their normalizatiom,
above 10 km, makes them prone to underestimation. Moreover, only a single
average profile from November was included, to avoid biasing the 1975
mean toward year-end values.) The dotted curves show the typical obser~
vational uncertainty in a single nightly observation. The dashed curves,
which show the standard deviaticn of the profiles included in the average,
indicate the large degree of variability during the ngne-month period of
observation, and show that most of this variability was confined to

altitudes below 20 km,

17
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The Februarv-November 1975 average profile of scattering ratio is

compared to our average 1973-early 1974 profiie and the 1964-65 Grams

and Fiocco (1967) prn!' ile

in Figure

The

large

increase

\‘17

particulate

backscattering in the recent post-Fucgo period relative to the immediate
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For references see Figure S,
pre-Fuego period is readily evident, as is the predominantly lower alti-
tude of the post-Fuego scatteri~:. Nevertheless, the even larger average
scattering and lower predominant altitude of the post-Agung observations
are equally evident.
A characteristic of the stratospheric aerosol layer that is of pri-
mary importance to climatic studies is its optical thickness, or vertically
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integrated extinction. Derivation of an optical thickness from the present
lidar backscattering results requires the use of a particulate backscatter-
to-extinction ratio (backscattering phase function), which hss never been
measured for the stratospheric aerosol. Nevertheless, useful estimates

of cptical thickness can bte derived by using model backscattering phase
functions computed for realistic optical models of the stratospheric aero-
sol. Recently, several such models, based on measurements, have been
published (Russell et al., 1976a,b; Cadle and Grams, 1975, Pinnick et

al., 1976; Toon and Pollack, 1976). Most models agree on a particle
composition of concentrated sulfuric acid, except possibly just after
volcanic injections. Since recent measurements indicate that the post-
Fuego serosol also was sulphuric acid (Ferry and Lem, 1975; Hofmann and
Rosen, 1976), we adopt this composition in the discussion to follow.

There is less agreement on particle size distributions, probably
because of different measurement methods and because of actual variability
in this characteristic. (A post-Fuego increase in mean particle size has
been well documented by Ferry and Lem (1976) and Hofmann and Rosen (1976).
Possible size distributions include the Haze H and Haze L modeis of
Deirmendjian (1969, 1973), a lognotmal distribution derived by Pinnick
et al (1976) from balloon-borne optical particle counter measurements,
and a zerotheorder logarithmic distribution (Zold) derived by Toon and
Pollack (1976) from a rather extensive set of measurements. Backscattere

ing phase functions for these size distributions (for a 700-nm wavelength
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and a 75% sulfuric acid refractive index of 1.42- 0i) are, respectively,

- 0.013, 0.018, 0.015, and 0.017 st.l (a range of + 167 of the mean).

The range of turbidity profiles that thers values yield when com-
bined with our single 1975 average backscattering profile (Figures 6 and
7) is indicated by the shaded area in Figure 8. [Turbidity is here de-
fined as the ratio of particulate to molecular extinction. The profiles
have been converted to a wavelength A of 550 nm assuming that particulate
extinction varies as l-l, the approximate dependence displayed by the
optical models of Pinnick et al. (1976).]1 Also shown for comparison is
the turbidity profile derived by Elterman (1975) from searchlight measure-
ments made in New Mexico in November 1974 (during the immediate post-Fuego
increase) by using an assumed bistatic scattering phase function (Reeger
and Seidentopf, 1946). The magnitudes of the lidar and searchlight pro-
files are similar, as might be expected from the time dependence shown
in Figure 5. However, the altitude of the searchlight-measured turbidity
maximum is about 3 km below the lidar maximum. This also is attributable
to the temporal development of the Fuego injection, and is consistent with
both lidar and balloon observations made in November and December 1974
(Fernald and Frush, 1975; Hofmann and Rosen, 1976).

Table 1 lists values of particulate optical thickness derived from
the present and previous measurement series. As can be seen, the mean
particulate optical thickness during the 1975 post-Fuego decline was
about six times as large as the value in the immediate pre-Fuego years.
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FIGURE 8

1.0 20 3.0

TURBIDITY
SA-4019-20

PROFILES OF STRATOSPHERIC TURBIDITY (RATIO OF
PARTICULATE TO GASEQUS EXTINCTION) DERIVED
FROM THE PRESENT SERIES OF LIDAR OBSERVATIONS
AND FROM A SEARCHLIGHT MEASUREMENT IN LATE
1974 (ELTERMAN, 1975)

The shaded region is derived from the single average scattering
ratio profile shown in Figures 6 and 7, plus a range of model
backscattering phase functions.
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~ Teble 1 ' s .
- PARTICULATE OPTICAL TMICKNESS, T, BRTWEEN 10 Rt AND LISTED Ammx
- . maAwAmmm )~ 530 om

I, - |Seavchiight,. Bslloon,| Lidar, -t .
Altttde | April 1964~  1971- | June 1973- | Conpendium, mmughc. 7 Lidar,
(m) | Apetd 1965*  1978' | mar 1973° | “Unperturbed"é| Mow 1974% l'ebo!fov 12913”
xm_ ot 1 Gaot b etdh | oaed |

n oo e | o.01-0002 ‘ | o.as-0.2

12 0.6  0.04-0.05 - 0.6 0.37+0.30

13 0.6 | 0.04-0.06 ] 0.38-0.79
14 1.2 ' ! 0.07-0.10 . . 0.80-1.1
15 s . 0,10-0.26 | ' 1.0 -1.4
16 1.7 i i 0.13-0.18 1.3 -1.7
17 . 2.0 ‘ " 0.160.,22 1.6 2.1
18 2.2 ‘ 0.18-0.25 1.8 -2.5
19 2.5 ' 0.22-0.31 2.1 2.8
20 | 2.6 0.25-0.3 ' 2.3 =3.1
21 2.8 0.27-0.38 2.4 -3.2
22 ; 2.9 | 0.30-0.42 2.4 -3.2
23 29 | 0.32-0.45 2.4 3.3
% . 3.0 0.34-0.47 2.4 -3.3
3 | 3o 0.35-0.48 2.5 -3.3
26 3.1 0.36-0.50 3.5 2.5 =3.3
IR 0.37-0.51 | i 2.5 -3.3
s L 3 0.37-0.51 . 2,5 3.4
29 3.1 . 0.38-0.52 2.5 =3.4
30 | 3.2 0.5-0.7 0.38-0.52 0.5 - 3.6 2.5 =3.4

-
Elterman (1968). Based on average of bistatic searchlight measurements and model phase
function. .

’
Pinnick et al. (1976). Based on numerous balloon-borne particle counter measure-
ments and several realistic optical models.

S
Russell et al. (1976a,b). Based on average of 16 lidar measurements and a range of
model backscattering phase functions.

“Toon and Pollack (1976). Based on lidar and sky-brightness measurements and model
phase functions, plus trend of balloon, searchlight, and solar transmission
measurcments.

o
Elterman (1975). Based on searchlight measurement and model phase function.

aresent work. Based on average of lidar measurements and range of model backscattering
phase functions.
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4. Discussion

a, Temporal development of aerosol structure

The temporal development of the northern midlatitude post-Fuego
stratospheric aerosol observed in this study is the result of several
interacting processes: transport of particles and gases from the orig-
inal injection point (14.5°N, 91°W), vertical diffusion from the injec-
tion strata, gas-to-particle conversion, particle growth and sedimenta-
tion, and loss of particles below the tropopause. When this study began,
in February 1975, the northern midlatitude stratospheric aerosol concen-
tration was near its postvolcanic maximum, evidently as the combined
result of northward transport of the initial injection cloud and of
gas-to-particle conversion processes. A multiple-layered structure
was evident in most of the February to April 1975 observations, evidently
a lingering result of the original injection structure noted by many
observers (e.g., Hofmann and Rosen, 1976; Hirono et al., 1975; Fernald
and Frush, 1975; McCormick et al.,1975). By May the multiple layers had
merged to form a single, broader layer, the centroid of which rose with
time toward the altitude of the preinjection centroid. As discussed in
Section 3, this upward centroid movement is consistent with the occurrence
of faster particle removal at lower altitudes than at higher, as well as
upward diffusion from the injection strata. The faster removal of

particles at low altitudes (10-17 km) could be caused by vertical tropo-

pause movements (Hofmann et al., 1975, Fernald and Frush, 1975b) or by
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faster sedimentation of the larger particles which occurred preferen-
tially at those altitudes (Hofmann and Rosen, 1976).

The upward centroid movement was also augmented by the formation
of a broad sz2condary layer above the main peak, as can be seen in the
September and November observations (Figures 1 and 2). The occurrence
of a minimum in mixing ratio between the main and secondary layers sug-
gests that upward diffusion is not the sole source of the secondary
layer, and that a particle-formation source may be present above the
main layer. As noted in Section 3, Crutzen (1976) has shown that photo-
dissociation of volcanically injected carbonyl sulfide (CSO) could pro-
vide such a source. (See also the discussion in Section 4.c on possible
normalization errors.)

Compared to some previous estimates of the residence time of strato-
spheric aerosols, the post-Fuego decay was rather rapid. For example,
an "average residence time'" or "average lifetime" of 1.5 to 2 years for
stratospheric particles is frequently mentioned (e.g., Junge, 1974;
Castleman, 1973), whereas the vertically integrated particulate back-
scattering in 1975 decayed exponentially with a mean life of only about
eight months.. One reason for this apparent discrepancy is the relatively
low altitude at which the Fuego injection occurred. Calculations by
Hunten (1975) have recently emphasized the strong dependence of particle
residence times on altitude, especially between the tropopause and abou:
20 km. (For the case modeled by Hunten, a decrease in altitude below
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(20 km by 3 km approximately halved the residence time. See also

Reiter, 1975.) Further, Moore et al. (1973) concluded from measurements
that stratospheric particles below 15 km have a residence time of only
one to two months. Since the average 1975 centroid of particulate back-
scattering was near 16 km, well below preinjection values (see Figure 4),
it is not surprising that the 1975 residence time was small compared to
values for a nominal '"20-km aerosol.” The short 1975 residence time was
also partially caused by the size of the 1975 particles, which was, on
average, larger than preinjection values (Ferry, 1975; Hofmann and Rosen,
1976).

For these reasons the present results are not necessarily at variance
with previous estimates of the residence time of typical background
stratospheric particles at altitudes near 20 km. They do, however, in-
dicate that previous estimates of the duration of influence of single
volcanic injections may have been too large, at least for injections
(e.g., by Agung, see Figure 7) at altitudes appreciably below the unper-
turbed aerosol peak. We note from Figure 5 that the decline in lidar
backscattering measured in Australia after the post-Fernandina maximum
had a time constant similar to that observed by both balloon and lidar
after the post-Fuego maximum (also shown in Figure 5). Several other
authors have already pointed out that the apparently much slower decline
of the post-Agung maximum probably was the result of several subsequent

smaller volcanic injections.
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In the context of generalizations about the effects of volcanic ine

“jections, it should be noted that a change in dominant particle composi-

tion, from sulfate to silicate, did pot occur after the Fuego eruption,
alihoush this has evidently been typical of previous eruptions (see,

@.8., Cadle and Grams, 1975; Pollack et al., 1976a,b). (This fact has

a bearing on our computations to follow.) Measurements made in the

Fuego stratospheric plume very soon after the eruption revealed a particle
composition that was predominantly sulfate, with no detectable silicate
(Ferry and Lem, 1975). Four months after the eruption, a balloon measure-
ment showed that essentially all of the stratospheric particles were
volatile, again ruling out the possibility of a significant population

of silicates (Hofmann and Rosen, 1976). Since the radiative properties
of sulfates and silicates are significantly different, this lack of
change in composition has a bearing on the radiative and climatic effects

of the post-Fuego aerosol layer, as discussed below.

b. Radiative and thermal effects

The post-Fuego stratospheric aerosol layer scatters and absorbs both
solar radiation and thermal infrared radiation; it therefore can modify
radiation fields and temperatures in the atmosphere and at the surface.
Measurements of the layer have determined particle conceatration, com-
position, and size diéttibution rather well, and several radiative, or

radiative/convective, models are available to use these experimental
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inputs in computing the radiative and climatic effects of the layer. Al-
though such a computation is beyond the scopa of the preseant study, some
useful estimates of the radiative and climatic effects of the post-Fuego
aerosol can be derived on the basis of several modeling results already
published. While the particle characteristics assumed in the published
models are not exactly those of the post-Fuego layer, the model results
are nevertheless useful for gauging the possible size of effects and for
guiding more detailed computations.

Table 2 presents radiative and thermal properties and consequences
of stratospheric aerosol layers, as computed by four recently published
models. The detailed assumptions and methods used in each of the models
are described in the references given in Table 2; a brief synopsis of
these assumptions and methods is given in Table 3. To explain the symbols
used in Table 2 we recount briefly the radiative and thermal impacts of
a stratospheric aerosol layer, which is characterized in Table 2 by its
mid-visible (\ = 550 um) optical thickness, T.

We first consider the effects of the layer on solar radiation. At
any given time and location a fraction R of incoming solar radiation is
scattered by the layer back to space. The average of this fraction over
all solar zenith angles for all global locations is RG' the global solar
albedo of the stratspheric aerosol layer [row (1) of Table 2). The par-
ticles and guses in the layer also absorb a fraction a of incoming sun-

l1ight [(row (2)). The combined effect of reflection and absorption by
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Tedle 2

RADIATIVE AND THERWAL SFFRCTS OF STRATOSPHERIC ARROSOL LAYERS,
AS PREDICYRD $Y GEVERAL RECENT MODELS

1 Hodel
Atfested Pavameter Cadle and Grams | Pollack ot al. Ptanick et al. Bershverdhnen
Q) (1976 {1976) ead Cess (1979)
Solar effects ;
e, 0.3 £ 0.19)7 0.4t 0.37¢ .
(2) a (by particles) ; <0,02 0,003 0,01+ ~0
a (by particles 0,006
and gases)
o M L ©.17 £ 0.0nert 0.0807 0. 2000 0.1901 |
(8) o8/8 «(0.25 2 0. 1) ? -0, 1487 «0, 2047¢ <0, 264r%

/ ——/

Thermal infreved

effects
(5) o 0.1029*
6) ¢ 0.0816-

Combined effects

) o, XK dly'l)m fbasalt particles
only)
@ e, :-/u « 13,220} 1890k
, 1
g La-eamya-oun) e <0t en)™
9 61" (=6.3°K to -10°K)A* -'l - 1 - 0.10°

x 162k ¥

-

We have assumed an optically effective mean particle radius of 0.3 ¢ 0.2 um.
¢

See also Toon snd Pollack (1976),

¢
Assumes sn unpevturbed system albedo A » 0.3, and no effects of fncressed photon path leagth in sbsorbing pases.
Computed from Krs. (3) snd (4),

{'Moml en unperturbed system albedo A = 0.3, a no-perticle 'l“ » 216°K, and Ic. @, ¢ 88 {o vows (1), (5), and (6).

URIGINAL PAGE IS
OF POOR QJALITY
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Tadle 3

PARTICLE CHARACTERISTICS AND MODELING NETHODS
USED IN THR HODELS CITED IN TABIR 2

“:: :h“:h:; tie Cadle and Orama Polleck et al. Pinniok et el. fiarshvardhen
(1973) a9e)* (197¢) and Ceve (1979)
4
Compostition Bulfuric acid b ) 3 I!:Wv 5% uzo % nzso‘. "% azo
Refrective index 143k, k<0,002% | Palmer and Williems 1,83k, k<0,002t} Palmer and Williams
(vistble) (197%) Q9

Refractive fodex
{infreved)

Size distribution

Visidle radistive
transfer

Infrared vedistive

Single scattering,
particles only

./

Palmer and Willtams
(1979)

20ld; T 0.035 ua,
o = 2.0

Nultiple scattering
(inhomogenscus dou-
bliag), particles
and gasss

Lognormal
g 0.0725 um,
o = 1,3

Single scattering,
particles only

/

Palmer and Willians
(1978)

Remsberg (1973)

Multiple scatteriag
{Coakley and Chylek
(1973)), parcicles
only

Polleck (1969),
particles and gases

Rewtonian cooling cosfficients,

teansfer particles and gasss

Surface temperature
calculation

Global energy balance, plus
radiative-convective equilibriunm
(few cases)

Clobal saergy balance

See also Toon and Pollack (1976),

-

Selected by us from several choices given.

»

lnterpolated by us from several choices given.

Results presented for monodisperse particles with a wide range of sises.
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the layer s, in general, eommnmutmmm'
systea by an amouat AA [row (3)). Belov the stratospheric layer, the .
effect of this reflection and absorption is & loss of incoming solar =
radiation. In a2 sense this loss may be considered as equivaleat to n
reduction of the solar constant by a fraction A8/8 [row (4)].

Since the stratospheric aerosol layer is optically thin (T << 1),
the models yield that its albedo RG and its fractional absorption G are’

*

directly proportional to its (mid-visible) optical thickness T (See
rows (1) and (2) of Table 2). The system albedo change AA {s, in the
more realistic models, computed from the equation of radiative traasfer
by comparing the ratio of incoming and outgoing solar irradiance for
perturbed and unperturbed systems. In the simplest models, which con-
sider an isolated aerosol layer in an otherwise transparent atmosphere,

this albedo change may be simply computed as (e.g., Russell and Grams,

1975):
AL = A -A-A[u-nc-a)zl(l-nc)]-c-kc-é\ . (3)

In either case, the albedo change again turns cut to be directiy propor-
tional to layer optical thickness T, or to the change AT with respect
to a background or unperturbed layer (See row (3) of Table 2). Similar
considerations apply to the effective reduction in solar constant AS/S,

which, for the simplest models, is given by (e.g., Cadle and Grams, 1975):
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Again, for all models, the chmac is pmttml to T or 47 [Bee vow (4)
of Table 2]. “

The serosol layer also has effects in the thermal infrasred, where
it both sbsorbs and emits energy (scattering is practically negligible).
Only in the model of Harshvardhan and Cess i:e the absorption & and emit-
tance ¢ explicitly computed; they also are dirvectly proportionsl to
T [vows (5) and (6) of Table 2]. In the model of Pollack et al. (1976a)
infraved effects are determine2 by a solution of the radiative tranmsfer
equation (Pollack, 1969). Infrared effects of sulfuric acid particles
are not considered in the models of Cadle and Grams (1975) and of Pin-
nick et al. (1976).

The combined effects of the stratospheric aerosol layer on solar
and infraved radiation in general alter temperatures both in the vicinity
of the aerosol layer itself and at the esrth's surface. Changes at the
aerosol layer are most pronounced in the months near the postvolcanic
peak of aerosol concentration, because of the relatively short time con-
stant (~ 100 days) of the free atmosphere for temperature changes
(Pollack et al., 1976a,b). Changes at the earth's surface take longer
to develop because of the long time constant (~ 4 years) of the earth~
ocean system. Pollncﬁ et al. (1976a) compute both perturbed heating

rates AHA at the aerosol layer snd surface temperature changes ATs. For
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optically thin layers both changes turn out to bs proportional to tiw
nldvvt;tbln opticsl thickness change AT (8ec rows (7) and (9) of Table 2].
(Unfortunately, because meny past volcanic particulate injections have
initially consisted predominantly of silicates, the AH, computation vas
done for basait particles only.) Harshvardhan and Cess (1973) provide
explicit expressions for the changes 4T,, ATg in both asrosol and surface
temperatures as a function of 7 ([ See vows (8) and (9) of Tadle 2). Al-
though formally nonlinear, these expressions also turn ocut to be practi-
cally linear for the optical thickness cheages 4T with which we will deal.

To explore the radiative and thermal consequances of the post-Fuego
stratospheric serosol layer predicted by the four models of Table 3 we
adopt a mid-visible optical thickness T of 0.030, which is the nine-
month mean of our 1975 observations (Table 1). We also adopt a nonvol-
canic, or unperturbed, optical thickness of 0.005, which is the unper-
turbed value assumed by Pollack et al. (1976a) and which falls within
the range of both our pre-Fuego determinations and those of Pinnick et
al. (1976) (Table 1). The results of substituting these values into the
expressions of Table 2 are shown in Table 4.

The three analytica! models presented in the table (Cadle and Grams
(1975); Pinnick et al. (1976); Harshvardhan and Cess (1975)) agree in
predicting a layer albedo BG of about 1%; all four models show that
solar absorption by the layer is negligible. The three analytical models

predict an incresse AA in system slbedo that is about 1.5% of the
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Tadle &

RADIATIVE AND THERMAL BFFECTS OF A STRATOSPHERIC
ARROSOL LAYRR VWITH MID-VISIBLE OPTICAL THICKNESS
* = 0,030 AS PREDICTED BY THE MODEZLS IN TABLES 2 AND 3"

Mods 1
Affected Pavameter Cadle and Crams | Pollack et al. | Pinnick et al. Rarshvardhan
a9t (1976)* (1976) and Cess (1979)
Solar effects
(4} !c 0.010 = 0,004 0.012 0.011
-‘ .’ .b
(2) a (by particles) | <6 x 10 9x 10 <) « 10 0
a (by psrticles 18 x 10.s
and gaves)
G) & 0.0043 = 0.0018¢ 0.002 0.008% 0.0048¢
(%) a8/8 0.0063 * 0.0028% «0.0035% «0,0077 «0.0065 7
Thermal infroved
effects
(3) o 0.0031
(6) ¢ 0.002%
Combined effecte
M :HA ~0,05 X da_\-'l (basalt particles
only)
. Lt
(8) .'l'A «2.,4 'K
9 1, «0.16 °K to +0.25 K -0.8 K**

*
Assumes an unperturbed midevisible stratospheric aerosol optical thickness - = 0,005;

hence & = 0,025,
turbed system,

Changes in rows (1), (&), (7Y, (8), (9) are with respect ‘" the unper-

*He have assumed an optical’y effective men particle radius of 0,3 = 0.2 .m,

]
See also Toon and Pollack (1967),

‘Assumes an unperturbed syvstem albedo A « 0,3, and no effects of increased photon path

length in absorbing gases,

as in rows (1), (9),

and (6),

“omputed from Eqs. (3) and (&),

L 4
Assume s an unperturbed svetem albedo A s 0,3, & no-particle TA = 214 K, and Rc' 2, and ¢



unperturbed albedo (A = 0.3). The prediction of Pollack et al. (1976a)
is somewhat less than half of this value, possibly because their model
accounts for increased solar absorption caused by longer photon path
lengths in the absorbing gases of the aerosol layer. There is a similar
difference betuean the numerical and analytical models in the predicted
change of sublayer insolation. The analytical models predict a decrease
of about 0.7%, the ..merical model only about 0.35%.

Perhaps of more interest are the predicted changes of atmospheric
and surface temperatures caused by the combinat;on of solar and infrared
effects. For an optical thickness increase of 0.025, the model of Pollack
et al. (1976a) predicts an increased heating rate 8H) at the altitude
of the layer, of about 0.05°K per day. Such an effect, if persistent
for several months, would produce observable temperature increases. Un-
fortunately, the Pollack et al. (1976a) calculation was made only for
basalt particles, and so does not apply specifically to the post-Fuego
particles, which were sulfuric acid. On the other hand, the calculations
of Harshvardhan and Cess (1975) are for sulfuric acid particles. Their
model predicts an equilibrium aerosol temperature increase ATA of about
2.6°K, which again might be observable by comparing average temperatures
for the year before and after the Fuego eruption, or other suitable
periods. The fact that the first three or four months of 1975 had op-

tical thickness values signiffcantly in excess of our 1975 mean of 0.03

makes such a search for a heating effect appear even more worthwhile.
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(Note, however, the reservation on particle size distribution mentioned
below.) Preliminary observations of such a heating effect have in fact

been reported by McCormick et al. (1975) and Hirono et al. (1973). While “
these preliminary indications appear to be in qualitative accord with |
the model predictions, we do caution that stratospheric temperature chéngga .
caused by dynamic and other effects (especially breakdown; in the winter
polar vortex) could overwhelm or appear to augment the purely radiative
changes predicted here. See, for example, Belmont (1975).

Both the models of Pollack et al. and of Harshvardhan and Cess

predict a negative change ATg¢ in equilibrium surface temperature for in-
creased stratospheric aerosol optical thickness. (That is, the models
predict that the increased solar albedo effect dominates over the in-
creased infrared trapping or "greenhouse" effect, although the infrared
effect is significant.) For a persistent layer of optical thickness
0.030 the Harshvardhan and Cess model predicts a surface temperature de-
crease of 0.8°K, whereas the Pollack et al. model prediction is about a
factor of four less. Although a ducrease of 0.8°K in surface temperature
is on the threshold of detectability, it must be recalled that the long
response time (~ 4 years) of the ocean-earth system will substantially
diminish this decrease in the first year, and that the rapid removal rate
of the post-Fuego aerosol burden (E ~ 8 months) will rapidly eliminate

the decrease thereafter. Feedback mechanisms (principally extension of
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snow and ice cover) that are not considered in either the Harshvardhan and
Cess or Pollack et a'. models, are also relatively slow, so‘that:thott am-
plification of radiative effects, as predicted by some other models |
(e.g., Budyko, 1969; Sellers, 1973) would evidently‘not be operative in
the Fuego case. Thus it sgems unltkély that a demonettablebconnection
between any recent surface temperature changesland the post-Fuego strato-
spheric aerosol éould’plauaibly be,made; This resvlt, of course, in no
way rules out the general possibiltty‘of volcanic influeyée on surface
climate; Pollack et ai. (1976b) have shown that _.he results of larger
.eruptions (e.g., Krakatoa, Katmai, Agung), or of more frequent ones,
»could indeed be climatically significant.

While we feel that the results presented above are instructive, we
also point out that che calculations can and should be improved. For
example, the measured post-Fuego size distribution (Ferry, 1975; Hofmann
and Rosen, 1976) should be used in place of the distributions listed in
Table 3. It would also be instructive to repeat the Pollack et al. com-
putation of &H, using a sulfuric acid (rather than basalt) composition
model. And, finally, since volcanic injection episodes are decidedly
time-dependent, time-dependent computations for AT, and ATS. using the
appropriate system response times, would be useful. Of course, the
reasons for differing model predictions should also be explored and re-

solved.
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€. Accuracy of the lidar results
As described in Section 3, all of our particulate backscattering

_values are derived by normalizing each scattering ratio profile to force
its minimum value to uni;y. This procedure yields valid profiles pro-

vided an altitude with negligible ratio of particul;te to gaseous back-
scattering exists within the altitude range over which signals are ana-
lyzed. If such a level does not occur, then particulate backscattering

is underestimated at all altitudes (and this error is not included in the

error bars of Figures 1 and 2). The magnitude i i.is underestimation
cannot be determmined from the lidar data alone, but it can be estimated
by use of independent measurements of the vertical profile of particle
number mixing ratio, as derived, for example, from dustsonde measurements
(Hofmann et al., 1975, Hofmann and Rosen, 1976). We have previously

used pre-Fuego dustsonde measurements to demonstrate that the average
error introduced into our pre-Fuego backscattering values by the normaliza-
tion procedure was less than 10% of the peak backscattering measured in

a typical profile (Russell et al, 1976b). A similar inspection of post-
Fuego dustsonde mixing ratios (Hofmann and Rosen, 1976) indicates that
the average nomalization error for our post-Fuego backscattering mea-
surements was also less than 10% of profile peak backscattering values.
It is true that the tropopause region in 1975 was frequently quite dirty,
forcing the normalization to altitudes above the main peak, where optical

mixing ratio if frequently nonnegligible; nevertheless, the very large
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increase in peak backscattering during the post-Fuego period prevented

the ratig of error to peak backscattering from increasing in the post-

Fuego period. Thus we feel) that to compensate for normalization errors
any increase in the post-Fuego optical thickness values of Table 1 must
be less than 10% of the listed values.

In connection with the discussion of a possible secondary layer
above the main peak, it should be pointed out that the normalization
procedure could also lead to an apparent, but artificial, increase of
scattering above the main peak when scattering below the main peak de-
creases, as it did during 1975. This follows because, when scattering
ratios below the main peak are larger than anywhere above the main peak--
as was typical in early 1975--the normalization procedure forces the
scattering ratio to unity (implying no particulate scattering) at some
point above the main peak, even though actual particulate scattering may
be nonzero there. Then later, as low-altitude scattering ratios decrease,
the normalization altitude would move below the main peak, and scattering
above the main peak could appear to increase while actually remaining at
a constant, nonzero value. While we feel that this possibility is a real
one and must always be kept in mind, we point out that the ghapes of
scattering ratio profiles are completely independent of the normaliza-
tion procedure. Our statements regarding the development of a secondary
layer are based primarily on the shapes of scattering ratio profiles--
specifically the minimum just above the main peak and the broad, but
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well-defined, hump above it, as shown in Figure 2. We therefore feel
that these statements are valid regardless of any normalization ambigu-
ities.

We have also noted in Section 2 that the Elterman (1968) extinction
model was assumed in computing 1975 scattering ratio profiles. This
model is in fact listed in the first column of Table l. Comparison with
the last column of Table 1l shows that, at any altitude above 10 km, the
difference in two-way, 700-nm optical thickness between the model and
the 1975 mean measurements was less than 0.0l (again assuming extinction
o R-l). This difference is the maximum relative change in scattering
ratio that would result from using the last column of Table 1 in place
of the first and recomputing. Even for the very last measurements made
in 1975, when the difference between model and measurements was about
twice this large, the change would have been less than the error bars
shown in Figures 1 and 2, which are about + 3%. The resulting change in

vertically integrated backscattering (hence turbidity and optical thick-

ness) would have been negligible.



3. Summary

Our 1975 stratospheric lidar observations began at about the peak
of northern midlatitude influence of the Fuego volcanic injection.
Multiple-layered structure, observed by others since the time of the
eruption, was still present in early 1975, but by May the individual
layers had merged to form a single, broader layer. The increase in par-
ticulate backscattering resulting from the volcanic injection was confined
almost entirely to altitudes below 20 km. As a result, layer centroids
in 1975 were typically several km below their altitudes prior to the
eruption. After April 1975 the centroids gradually rose toward their
preinjection value, as particles at the lowest stratospheric altitudes
were removed faster than those at higher altitudes. Toward the end of
our 1975 observations, profile shapes suggest the formation of a secondary,
broad layer above the main peak. A search for dawn-to-twilight differ-
ences in layer structure, and for differences caused by the rising sun,
revealed no changes that were systematically diffcrent from those commonly
observed during other time periods of similar length.

From late February on, both vertically integrated particulate backe
scattering and the peak ratio of particulate to gaseous backscattering
displayed approximately exponential declines, with mean lifetimes of
8 and 11 months, respectively. Very similar behavior was observed by

balloon-borne particle counters in Wyoming during the same period
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(Hofmann and Rosen, 1976). The relatively short residence times are a
combined result of the low altitude of the volcanic injection and of the
larger mean particle size of the postvolcanic aerosol with respect to
the prevolcanic or "background” aerosol.

The 1975 mean profile of scattering ratio had a maximum value of
1.7, and vertically integrated particulate backscattering (10-30 km) of

4 st™! (both for A = 69 nm). When combined with several reale

3.6 x 10~
istic optical models of the sulphuric acid particles, this backscattering
yields a mean mid-visible (A = 550 nm) optical thickness of 0.03 + 0.00S.
This value is about a factor of six larger than the preinjection optical
thickness, but smaller than values observed in northern midlatitudes for
several years following the Agung eruption of 1963.

Radiative and thermal consequences of the measured post-Fuego layer
were computed using several recently published models. The models yield
a global albedo for the 1975 mean layer of about 1%, or possibly smaller
because of gaseous absorption of photons scattered in the layer. The
derived increase in earth-atmosphere system albedo was between 0.002
and 0.005. The models predict that infrared absorption by the sulfuric
acid particles could increase temperatures at the aerosol layer altitudes
by several degrees K. They predict a decrease in surface temperature
(that is, increased solar albedo dominates over increased infrared trap-
ping), but the decrease is considerably smaller than I°’K, both because of

the small optical thickness of the volcanic layer and because of its short

residence time relative to the earth-ocean theimal response time.
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