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RESUMEN

Este trabajo presenta los resultados de cierto niimero de campaiias de observaciones en vuelo
mediante el lidar, cubriendo latitudes comprendidas entre los 90°N y los 56°S en el periodo
de julio 1982 a enero de 1984. Estos vuelos fueron planeados para determinar las caracter{sti-
cas clave del aerosol estratosférico producido por las erupciones de El Chichén en marzo y abril
de 1982. Se discuten asimismo los datos de 10 afios de lidar determinados en bases terrestres
por la NASA en Langley (37°N). Se describen las tasas de dispersion de fondo, las funciones
integradas de dispersion de fondo por aerosol, las densidades columnares de masa y 1a masa del
aerosol estratosférico en relacién con la latitud y también con la altitud en los casos adecuados.
Se demuestra la existencia inicial de dos regiones generales de capa estratosférica después de la
erupcidn, una arriba de los 20 km de altitud y la otra por debajo de esa altura. El material en
suspension aproximadamente por debajo de los 20 km se desplazé a latitudes mas altas, seguido
por el material de encima de esa altura, el cual, en su mayor parte, estaba restringido a un cin-
turén ecuatorial mas o menos entre los 10°S y los 30°N, por seis meses aproximadamente. A
principios del otofio de 1982, el aumento del material total estratosférico global debido a El
Chichén se estimd en 12 megatones. Se cree que el efecto méaximo global tuvo lugar entre las
misiones de julio y octubre de 1982. Los efectos estratosféricos maximos a los 37°N se experi-
mentaron en enero de 1983. Se vio que la densidad méxima de columna se desplazb hacia el
norte con el tiempo. La altitud del pico de material estratosférico se desplazé hacia abajo y la
capa se ampli6 a lo ancho a medida que el material era afectado por el tiempo.
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ABSTRACT

This paper presents the results of a number of airborne lidar campaigns, covering latitudes from
90°N to 56°S over the period July 1982 to January 1984.. These flights were designed to de-
termine key characteristics of the stra{ospheric aerosol produced from March-April 1982 erup-
tions of El Chichdn. Also discussed is the 10-year ground based lidar data set at NASA Langley
(37%). Backscatter ratios, integrated aerosol backscatter functions, column mass densities, and
mass of the stratospheric aerosol versus latitude and, where appropriate, altitude are described.
Two general stratospheric-layer regions are shown to exist initially after the eruption, one above
20 km and one below 20 km. The material below about 20 km moved to higher latitudes, fol-
lowed by the material above 20 km which for the most part, was constrained to an equatorial
belt between about 10°S and 30°N for approximately 6 months. In the early fall of 1982, the
total global stratospheric increase due to El Chichén was estimated to be 12 megatonnes. The
maximum global impact is thought to have occurred between the July and October 1982 mis-
sions. Maximum stratospheric effects at 37°N were experienced in January 1983. The max-
imum column density was seen to move north in time. The altitude of the peak of stratospher-
ic material moved downward and the layer broadened in width as the material aged.

INTRODUCTION

The March 28, April 3, and April 4, 1982, eruptions of the volcano El Chichén in
Mexico (17.339N, 93.2°W) probably produced the largest enhancement in strato-
spheric aerosols experienced in the last 70 years. Certainly, it was the largest meas-
ured by active and satellite-borne remote sensors. The early values of lidar
backscatter ratio and optical depth were record setting with the most massive part
of the stratospheric cloud centered at 26-27 km in low latitudes.

* The impact of this cloud on satellite remote sensors and the earth’s radiation be-
came evident very rapidly. For example, the NOAA Advanced Very High Resolu-
tion Radiometer (AVHRR) began experiencing artifacts or offsets in their sea sur-
face temperature (SST) retrievals compared to ground truthings (Strong, 1984) due
to the absorption of infrared radiation by the El Chichén-produced sulfuric acid
stratospheric layer. Similarly, instruments aboard the Solar Mesospheric Explorer
(SME) satellite received emission from the layer in infrared channels designed to
measure water vapor and ozone, and received scattering from the layer in spectro-
meter channels from 0.3 to 2.4 um designed to measure NO, and other species
(Barth et al.,, 1983). Although producing artifacts in SST, water vapor, ozoné and
NO, measurements, the data from both these satellites have been successfully used
to study the formation and dynamics of the El Chichén-produced cloud. The ra-
diative effects ‘of the volcanic cloud on the atmosphere were also immediately real-
ized with a significant stratospheric warming 4t the layer location (Labitzke et al.,
1983, Quiroz, 1984; and Labitzke and Naujokat, 1984). ’

The magnitude of this eruption is such that it should provide the scientific com-
munity with a real test for the various models that predict stratospheric transport
and dispersion, aerosol radiative effects, and the effects of aerosols on chemistry
and the measurements made by remote sensors. Model calculations have already
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predicted significant effects (Robock, 1984; McCracken and Luther, 1984; Vup-
puturi and Blanchet, 1984; Pollack and Ackerman, 1983).

The importance of this eruption prompted NASA to organize a series of airborne
lidar measurement campaigns covering the latitudes from 90°N to 569S. These
were supported with optical depth, diffuse and total radiation, SO, and O; remote
measurements from aboard the participating aircraft. In addition, supporting in
situ measurements were made from coordinated balloon and high-altitude aircraft
platforms. This paper describes the results of lidar measurements made during
these flights and the long-term, ground-based lidar measurements made at NASA,
Langley Research Center (37°N, 76°W).

OBSERVATIONS
Ground-based measurements at Langley, 370N

The lidar data presented in this paper will be in three forms: the lidar backscat-
ter ratio, the lidar aerosol backscatter ratio, and the integrated aerosol backscatter
function (or just integrated backscatter). The lidar backscatter ratio is defined as

R(z) = 1 +15(2)/fy(2)

where f, is the aerosol backscatter function (m™ ster™’) and fy is the molecular
backscatter function, both at altitude z. The aerosol backscatter ratio is simply R-1.
The integrated aerosol backscatter function is defined as

tyy
J [R(z) - 1] fy(z) dz
hy

where hp and hyy are the heights of the tropopause and maximum height (usually
28-30 km), respectively.

Figure 1 is a long-term lidar data set taken from Langley. Plotted is the integral
of the aerosol backscatter function versus time, integrated from the tropopause up-
ward to about 30 km which, at this latitude, is high enough to include most of the
aerosols in the stratosphere. All data in this paper are for the ruby laser wavelength
of 0.6943 um. The vertical arrows on the abscissa indicate the times of major vol-
canic eruptions. A listing of eruptions for the period 1974 to 1982, thought to be
energetic enough to place material into the stratosphere, is given in Table 1. Note
in Figure 1 the increased volcanic activity of the past 4 years. The first major erup-
tion during this period was that of Mount St. Helens, May 18, 1980. This was fol-
lowed by the low latitude eruption of Ulawun which occurred as the stratospheric
material from Mount St. Helens was decaying. Subsequent eruptions continued this
upward trend in stratospheric loading with the largest perturbation being caused by
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Table 1

Major volcanic eruptions 1974 - 1982

Source Location Date
Fuego 14.5°N  90.9°w 14 October 1974
Augustine 59.4°N  153.4°W 22 January 1976
Sierra Negra 0.8°S 91.2°W 13 November1979
Mt St. Helens 46.2°N 122.2°W 18 May 1980
Ulawun 598 151.3°E 7 October 1980
Alaid 50.8°N 155.5°E 27 April 1981
Pagan 18.1°N  145.8°E 15May 1981
Mystery cloud Tropical source 1-20 January 1982
El Chichén 17.3°N 93.2%W 28 March 1982

3-4 April 1982

the 1982 eruptions of El Chich6n. From thelow values of 1979 to the peak reached
in January 1983, a 100-fold increase in stratospheric integrated backscatter was ex-
perienced. Although indicative of overall northern hemispheric volcanic perturba-
tions, Figure 1 shows the record at 37°N, and as such, should not be extrapolated
to global values. Subsequent airborne lidar data will give a better, albeit not total,
picture of the global impact. Global mass calculations using fixed site data.are only
fortuitously representative of global values.
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Flg 1. Integrated aerosol backscattering function from the tropopause through 30 km at A =
0.6943 um versus time for ground-based lidar data taken at 37°N, 76°W. The arrows indicate
the date of major volcanic eruptions (see Table 1).

The spiked increased and rapid decay such as that recorded after the Mount St.
Helens eruption are usually indicative of a source near the latitude of the lidar, es-
pecially if there is subsequent decay in the integrated backscatter. Low latitude
eruption material usually shows up in the mid-latitude integral after some delay, in-
creases to a maximum, and then decays. For example, the October 1980 eruption
of Ulawun was first detected in the lidar measurements in December 1980. The
shape of the vertical profile also gives an idea of whether a layer is from a recent
eruption, with sharp boundaries on thin layers being more representative of a fresh
layer. It also helps to separate a more recent eruption from a previous one.
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As the initial El Chichén cloud spread zonally, circling the globe in about 3
weeks driven by summertime easterlies (Matson and Robock, 1984), the first lidar
station to make measurements was at Mauna Loa, “downwind” of El Chichén. The
cloud spread meridionally with material below about 19 km moving slowly toward
the poles. However, the material above 19 km, which contained most of the origin-
al mass, was confined to the northern tropics. The first indication at Langley of
this new perturbation was measured on April 29, 1982, as the lower altitude mater-
ial moved north. On July 1, 1982, a piece of material from the upper layer ap-
peared over Langley centered at 25 km with a peak scattering ratio of 45. The bulk
of the upper cloud, however, remained at low latitudes at this time, as will become
evident later in this paper. The peak in integrated backscatter at 37°N was reached
in January 1983. The following decay period shows a slow summertime decrease
and then some transient enhancements in October through December, caused by
Arctic air mass transports over Langley. These events broaden the layer in altitude
by advecting in lower-latitude, aerosolladen material from high-latitude. The re-
sult is sometimes a doubling of the column content.
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Fig. 2. Peak aerosol backscatter ratio versus time (as in Figure 1).
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Figure 2 gives another perspective of the time history at a fixed site. Here, the
aerosol peak backscatter ratio value (R - 1) is plotted versus time. A 400- to 600-
fold increase is seen from the background values in 1978-79 to the peak values of
1982. In this case, however, the low latitude Ulawun eruption and the Arctic out-
breaks do not show up as definitively. The Ulawun material spent a considerable
amount of time in the Tropics as a zonal band and then moved northward over our
station with lower peak values similar to the aged Mount St. Helens values at that
time. Similarly, the Arctic air intrusions in the fall of 1983 were well aged and,
therefore, very broad in altitude extent with peak values similar to the material ex-
isting over Langley at that time at a higher altitude.

Figure 3 plots the altitude and width of the peak backscatter layer. Typically,
the layer peak is higher in non-volcanic periods. The perturbations of 1980-1981
show lower peak altitudes, but El Chichén placed material at an unusually high al-
titude. At Langley, as mentioned above, the layer was centered at 25 km for a
short period in 1982. It slowly lowered to 15-20 km where the 1980-1981 erup-
tions and the Fuego and Augustine clouds of 1974-1976 were located. In general,
the width of the layer is broad when there is very little volcanic activity and quite
variable and narrow for fresh volcanic conditions. The width broadens as the layer
ages.
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Fig. 3. The altitude of the peak aerosol backscatter ratio (top) and the width of the peak layer
(bottom) versus time (as in Figure 1).
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Figure 4 gives examples of lidar backscatter ratio versus altitude for measure-
ments made at Langley after the El Chichén eruption. The changes are obvious
with both peak ratio and altitude decreasing in time. The July 1 and October 27,
1982, measurements are representative of an enhancement of the low-altitude up-
per layer at that time. The January 3 profile shows the peak integrated conditions;
the layer then decreased in scattering ratio and in peak height.
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Fig. 4. Lidar profiles of backscatter ratio (R) at A= 0.6943 um versus altitude for ground-based
data taken at 37°N, 76°W.

AIRBORNE CAMPAIGNS
Introduction

Presently, NASA has the SAM II and SAGE satellites in orbit specifically de-
signed to measure stratospheric aerosols. SAM II is the Stratospheric Aerosol Meas-
urement-II experiment, and SAGE is the Stratospheric Aerosol and Gas Experiment.
Both utilize the technique of solar occultation to produce vertical profiles of aero-
sol extinction at 1um wavelength during each spacecraft sunrise and sunset (McCor-
mick et al,, 1979). SAM II was launched in October 1978 aboard the spacecraft

Nimbus 7 in a high noon sun-synchronous orbit. This constrains SAM II’s measure-
ments to the earth’s two polar regions. SAGE, on the other hand, is aboard the
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AEM-2 spacecraft in a highly precessing orbit which provided sunrise and sunset
measurements between about 70°N and 70°S. Whereas SAM II is still operational,
monitoring stratospheric aerosols at high latitudes, the AEM-2 spacecraft batteries
failed in November 1981 before the El Chichén eruption, thus terminating SAGE
measurements. Prior to this time, however, SAGE provided much data on the erup-
tions between 1979 and 1981 (Newell and Deepak, 1982; McCommick, 1983).

Because SAGE was not available to provide mid- and low-latitude data, and be-
cause of the previously mentioned importance of the effects of the El Chichén
eruption, NASA organized and sponsored a number of airborne campaigns to pro-
vide the latitudinal distribution of aerosol characterization needed for model cal-
culations. Figure 5 shows the ground tracks for five coordinated lidar missions us-
ing the Langley lidar. The airborne lidar is, of course, much smaller than the Lang-
ley ground-based system but uses a similar computer-controlled data acquisition
system and ruby-laser (A = 0.6943 um).

Fig. 5. Ground tracks for the NASA Langley airborne lidar measurement campaigns.

In December 1982 another dedicated NASA El Chich6n mission was flown, but
without a lidar. It covered from 6°S to 559N and had on board instruments to
measure optical depth, diffuse and total solar radiation, SO;, and Os;. The NASA
Electra was used for all but the May 1983 flight shown in Figure 5;the NASA CV-
990 was used for the December 1982 and May 1983 flights. In addition, NASA
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supported a number of high altitude U-2 flights with in situ samplers aboard to fur-
ther characterize the time evolution of the layers.

Some of the results from these missions have been published prior to this issue.
For example, some of the results from the July 1982 campaign were published in
Geophysical Research Letters (GRL) Vol. 10, No. 1, January 1983, by Labitzke
et al.; some of the results from the October-November 1982 campaign in four
papers in GRL (Vol. 10, No. 4, May 1983, by Hofmann and Rosen, and Vol, 10,
No. 9, September 1983, by McCormick and Swissler ef al; and Spinhirne) and one
in Science (Vol. 222,N0.4621, October 1983, by Hofmann and Rosen); and finally,
some of the results of the December 1982 campaisn were published in a special is-
sue of GRL (Vol. 10, No. 11, November 1983). This issue contains a number of
additional papers that present airborne or supporting data from these missions.

July 1982 campaign

The first flight shown in Figure 5 was exploratory in nature and occurred in July
1982 from NASA Wallops Flight Center (38°N) to the Caribbean to determine
something about the cloud’s latitudinal and vertical distributions. It covered lati-
tudes from upstate New York (429N) to off the northern coast of Venezuela (12°N)
Figure 6 shows some example profiles from this campaign. Note that below about
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Fig. 6. Airborne lidar profiles of backscatter ratio at A=0.6943 um versus altitude taken during
the July 1982 campaign.
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20 km, scattering ratios of 2 to 3 were measured over these latitudes, but above 20
km a distinct ledge was found over the latitudes of Florida at about 30°N. Scatter-
ing ratios of about 40 were recorded south of 30°N throughout the Caribbean. The
tropopause heights are indicated in Figure 6 by the horizontal arrows on the right
side of each profile; the latitudes and measurement dates (in this case July 12, 1982)
are shown in each panel.

Figure 7 shows the results of the lidar measurements in the form of contours of
aerosol backscatter ratio as a function of height and latitude. The northbound and
southbound legs are shown separately and the latitude of El Chichén is indicated
by the vertical arrow on the southbound abscissa. .The sharp boundary near 30°N
is evident, especially for the northbound flight. The limit of the highest ratios
(peaked at about 27 km) is at about 28°N for both legs of the campaign. The strat-
ospheric integrated backscatter for these profiles is shown in Figure 8. The ledge
near 30°N is very evident. This quantity can be converted to column density or op-
tical depth by knowing the physical/optical characteristics of the layer versus alti-
tude, and will be described with each flight.
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Fig. 7. Contours of aerosol backscatter ratio (R-1) at A= 0.6943 um versus altitude and lati-
tude for the July 9-12, 1982 flight campaign.
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An aerosol optical model for the July 1982 flight was derived from size distribu-
tion measurements made by the University of Wyoming at 27.8°N (Texas) on Aug-
ust 21, 1982 (Hofmann and Rosen, 1983a, 1983b). These measurements provided
size distribution data in six size ranges (r = 0.01,0.15,0.25,0.95, 1.2 and 1.8 tim)
over an altitude range from 0 to 30 km. With.this measured size distribution and
assuming sphericity of the particles, Mie calculations were performed at 1 km alti-
tide increments through the stratosphere using index of refraction values represen-




tative of 60-80% solution of sulfuric acid. A model was constructed from thesel:
calculations for the conversion of stratospheric integrated backscatter to integrated
column density. The conversion value derived that was assumed representative for
the July 1982 survey flight was 18.3 g m™ster.

The integrated backscatter of Figure 8 was divided into bins of 2.5° latitude, and
zonal homogeneity was assumed. The conversion of the integrated backscatter
yields data on the average column mass density for each latitude bin. These results
are shown in Figure 9 for the average of the southbound and northbound data given
in Figure 8. Weighting these data by the Earth’s surface area for each bin gives the
mass loading for the portion of the globe sampled by this flight. The mass values
will be discussed subsequently.
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October-November 1982 campaign

~ After the July exploratory campaign and with more data becoming available,
NASA developed, with the help of the scientific community, a much more ambi-
tious campaign for October/November 1982. The NASA Electra was outfitted with
a number of remote and in situ sensors, and coordination was made for rendezvous
with a number of balloon and aircraft in situ measurements over the flight path
from the upper central U. S. to southern Chile. Satellitt AVHRR and SME coor-
dination was also arranged. Notice of the flight paths and times were circulated to
researchers throughout the world so that a larger data set could be brought to bear
on this problem. The goal was to determine the key radiative, dynamical, and
chemical properties of the El Chichén cloud. In addition, in sifu sensors were put
on board so that a visit to the volcano could be made and sampling of the effluents
from the fumaroles accomplished. This part of the emission was coordinated with
the Mexican government and was part of the RAVE (Research on Atmospheric Vol-
canic Emissions) Program (Friend et al., 1982).

Some of the key collaborative measurements to be performed during this cam-
paign were the University of Wyoming dustsonde balloon borne flights in Texas and
Wyoming (Hofmann and Rosen, 1983a). The Texas flight utilized their 6-channel
size distribution dustsonde with heated inlet so that the additional sulfuric acid
mass fraction could be determined.

'Figures 10 and 11 present the airborne lidar aerosol backscatter ratio profile

data versus latitude for the southbound and northbound legs, respectively, for the
October-November 1982 campaign (Flight number 2 on Figure 5). The peak region

occurs from about 35°N to 10°S at an altitude of about 23-25 km. Peak backscat- -

ter values were about 25, smaller than the July 1982 values of 45. Also, the altitude
of the peak was an average of about 1 km lower than the July peak altitude. The
integrated aerosol backscatter function for this campaign is given in Figure 12. The
most massive and optically thick regions between about 359N and 1098 are quite
evident. Figure 13 averages these data and plots them in 2.59 bins. Figure 14 shows
the conversion of these data to mass density using the aerosol properties determined
from the dustsonde launch of October 23, 1982, at Del Rio, Texas (29°N) (Hofmann
and Rosen, 1983a and 1983b). Calculation of the global mass has been described in
McCormick and Swissler (1983) and will be discussed later in the context of all the
flights shown in Figure 5. For this survey flight, the conversion value from inte-
grated backscatter to column density was 18.3 g m™ster. The optical depth data
derived from on board sun photometers and lidar data were described by Spinhirne
(1983) and Swissler ez al. (1983), Tespectively.
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January - February 1983 campaign

The January-February 1983 lidar flight campaign covered latitudes from 279N
to 76°N, from Florida to Greenland and Northern Canada (Flight number 3 on
Figure 5). Aerosol ratios versus height and latitude for the northbound and south-
bound legs of this campaign are shown in Figures 15 and 16, respectively. The peak
values varied from about 3 to 10, with the altitude of the peak dropping with higher
latitude from about 20 to 15 km. The higher ratios were generally at the lower lat-
itudes. Figure 17 gives the integrated backscatter for each leg, and Figure 18 the
average in 2.5° bins.
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Fig. 15. Contours of aerosol backscatter ratio (R-1) at A= 0.6943 um versus altitude and lati-
tude for the northbound January 27-February 1 and 5, 1983 legs of the airborne lidar campaign.
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Fig. 16. Same as in Figure 15 but for the southbound leg February 2-4, 1983.
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Fig. 18. The data of Figure 17 averaged into 2.5° latitude bins.

o

Figure 19 shows the results for the integrated column density using a conversion
value from integrated backscatter derived from the 6-channel dustsonde launch of
January 28, 1983, at Laramie, Wyoming (41°N). Asbefore, an acrosol optical model
was constructed with the measured size distribution data. A value of 20.5 g m 2 ster
was used to convert these data to mass density. Note that the peak in mass density
occurs near 45°N with a peak value not too much different than the peak values at

0-10°N found during the October-November 1982 flight campaign.

Shown in Figure 20 are representative profiles near 28°N latitude taken with the
airborne lidar during the July 1982, October 1982, and February 1983 surveys.
Note the decrease in time of the peak backscatter ratio, both in magnitude and in

altitude. Also evident is the spreading in the width of the layer as it ages.
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28" N Latitude
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Backscatter Ratio

Fig. 20. Lidar profiles of backscatter ratio (R) at A=0.6943 um versus altitude for airborne
measurements taken at 28°N.

May 1983 campaign

The May 1983 mission over the Pacific (Flight number 4 in Figure 5) covered
latitudes from 72°N to 56°S. The southbound leg backscatter ratio data are shown
in Figure 21 (May 11-17, 1983), and Figure 22 is for the northbound leg (May 9,
May 17-21, 1983). The first flight segment was from California to Alaska on May
9, 1983. Peak lidar backscatter ratio values varied between 3.8 at 18.3kmand 41°ON,
4 at 16.4 km and 58°N, and 3.7 at 14.4 km at 709N. Examples of values for other
segments are: near 309N, values of 6 at 20 km were recorded; at 160N, 7 at 21 km;
at 80N, 8.4 at 22 km; at 20°S, 4.4 at 20.4 km;at 2308, 3.6 at 22 km; at 3008, 3 at
19.4 km; dropping below 3 all the way to 419S in New Zealand. The values south
of New Zealand were similar, but the error bars were high due to sunlight condi-
tions and thus uncertain normalization. This lidar normalization problem is re-
flected in the error bars of Figure 23 which plots the average integrated aerosol
backscatter versus latitude. The largest error bars shown at high latitudes, however,
are due to the high altitude of flight experienced on these segments. That is, the
lidar profiles do not include the entire layer since the layer is lower at high latitudes

23
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(reflecting the lower tropopause), and the aircraft, therefore, was flying in the layer.
An estimate was made for integrated aerosol backscatter from the tropopause up
to the aircraft altitude based on aircraft lidar measurements made at lower latitudes.

BO®N

T T T T T
1R
18 .
i g
=
9
& =
12 s
o
p=
e =
1% =
w
=
w
ol
° [+
{e >
3
E
z i
w s 2 o
sonEm i 3
<] >
sond o w 2
o o
Lol 2 1
& = . B P
o i i = e -
._.HQD 3 Pl
- .
o o ,_I‘g
1° RS
e
-
. E-—Iq
lo N sty
e w =
3
Lo
o
: g s
1 v B
S g ¥
L o
15 =]
Lal
3 g
!
5
4 "63
12 Eﬁ
2.8
S 9
2 a
" 50
2 C 5
i 8
-
) N:
E. I L L 0 o
=4 E e ¢ ol

) - s
“WM  1HO9I3H



No08

"£861 ‘17-LT AB pue 6 A=y Jo s3o1 1BI) punoquyiou 3y} 10 ynq [ arndlg se auwg ‘7z “Biq

o0l

=09

«06&

=0t

3ANLILVT
NOHIIHD T3
<0 202 | ]

20

o0l
T

«Ob

a0S

S.09

M. P. McCormick et al.

T

Bl 00 -—0¢
&2 DE =071
=3 0’1l —¢€0
D

€0 —10

1
e

WY  LHOIZH

i
o
o~

0%




GEOFISICA INTERNACIONAL

212

“UOIRINo[Ed STY} UT AJUTEIooUn AU} MOYS SIeq IOLIS [BONIDA 7T pue [T soIndig
JO BIBp 9y 10 SUIq SPMINE] 4§°7 Ul paSeIsAr uonouny Sulrolecs [osolde pajerdoru] ‘¢T By

3anLiivd
0L 09 0Ss ob o€ 02 [o]] 0 (o]} 02 &3 ov 0s S09
- - T T T T T \ T —r T T T

NO8

Rl
I

1
's]

o o o
{,.01) ONIHILLVIS T0SOH3IV QILVHOILNI

ek,
e
~N

[o]
L)

)



MASS DENSITY- g-m™

M. P, McCormick et gl,

As can be seen in Figure 23, the material appears well spread throughout the
latitudes of 56°S to 72°N. Local peaks appear to be near 10°N, 50°N, and pos-
sibly 45°S with minima near 30°N and possibly 10 to 30°S (but not as well de-
fined). The largest peak appears near 50°N, not too much different in position
than what it was in January 1983, but lower in magnitude. The mass density plot
is given in Figure 24. For this survey the value used for converting the integrated
backscatter to column density was 21.6 g m™%ster based on a six-channel dustsonde
flight from Palestine, Texas (32°N) on May 16, 1983.

213

Fig. 24. Column mass density for the data in Figure 23.

January 1984 campaign

The most recent flight campaign was flown in late January 1984, from Virginia
(379N) to the North Pole. Note that this occurred after the IUGG meeting, but
was added here for completeness. The flight track was through Goose Bay, Canada,
and Greenland with the flight from Thule to the Pole along the 60°W longitude.
Typical values of peak backscatter ratio were from 2.3 at 16 km at 42°N, to 3.0 at
13.4 km at 68°N. Polar stratospheric clouds (McCormick ef al., 1982) contamin-
ated the profiles above 15 km north of Thule (76°N). The mass density plot for
this trip has been constructed utilizing a conversion value derived from a dustsonde
launch on December 21, 1983, from Laramie, Wyoming. As previously, an optical
aerosol model was constructed with this dustsonde data. A conversion value of
21.3 g m™? was derived for this survey. The results are shown in Figure 25 with the
lidar data averaged into 2.5° latitude bins.

.O4r
03 i
|
]
- i
]
1
02+ J ’J‘LLLF E
! 3 lLLL |
! I :
' 1
o+ '
I '
] 1
: i
a1 1 | L ] i 1 1 { 1 [ 1 3
-60S -40 -20 0 20 40 60 80N
LATITUDE




Ly

214 GEOFISICA INTERNACIONAL

MASS LOADINGS

In order to calculate the mass associated with the airborne lidar measurements, an
aerosol optical model was constructed from the aerosol size distribution measure-
ments (Hofmann and Rosen, 1983a, 1983b). The dustsonde measurements utilized
were those closest in time and location for each of the survey flights. As shown
previously, the integrated aerosol backscatter for these flights was divided into bins
of 2.59 latitude, and zonal homogeneity was assumed. The conversion values em-
ployed for each trip have been described above and the results plotted in Figure 9
for the July 1982 flight; Figure 14 for the October-November 1982 flight; Figure
19 for the January-February 1983 flight; Figure 24 for the May 1983 flight; and
Figure 25 for January 1984 flight. The data for these plots are given in Table 2-A
for the Northern Hemisphere and in Table 2-B for the Southern Hemisphere. The

.04,

LATITUDE (°N)

Fig. 25. Column mass density versus latitude for the survey flight of January 1984. Data have
been averaged into 2.5 latitude bins.

column mass densities for each of the flights are given so that the time evolution
(including decay) at various latitudes can be determined. Weighting these data by
the earth’s surface area for each bin yields the stratospheric mass loading for that
latitude range. The results are listed in Table 3 with the fraction of the earth’s sur-
face given for each latitude range. The total mass for each survey (that is, for the
latitudes covered on each survey) is given at the bottom of the table. A total global
mass value of 12 megatonnes, for example, was found for the October-November
Campaign by extrapolating the mass density values to higher latitudes and substract-
ing off the pre-El Chichén global background derived by SAGE measurements (Mc-
Cormick and Swissler, 1983).
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Table 2 A
El Chichén survey flights
Col. density x1072 g m?) per latitude band
Northern hemisphere
Latitude band July  Oct/Noy Jan/Feb May Jan
82 82 83 83 84

77.5 - 75.0°N 2.71 1.92
75.0 - 72.5 2.62 2.34%
72.5 - 70.0 2.16 3.20 2.76
70.0 - 67.5 2.59 3.14 2.46
67.5 - 65.0 2.87 3.30 2.50
65.0 - 62.5 2.77 3.49 241
62.5 - 60.0 3.03 3.64 2.17*
60.0 - 57.5 3.05 3.54 1.92
57.5 - 55.0 2.37 3.76 1.67
55.0 - 52,5 3.60* 392 1.89
52.5 - 50.0 4.84 3.82 1.78
50.0 - 47.5 5.32 4.08 1.50
47.5 - 45.0 5.78 3.73 1.37
45.0 - 42.5 2.29 5.09* 3.39 1.07
42.5 - 40.0 0.58 2.29 441 293 0.74
40.0 - 375 0.67 2.15 4.08* 321
37.5 - 35.0 0.98 1.82 3.76 2.99
35.0 - 325 1.54 3.38 2.83 3.05
32.5 - 30.0 2.69 3.32 2.19 1.44
30.0 - 27.5 2.89 3.64 2.24 1.60
2.5 - 25.0 4.23 4.14 1.76
25.0 - 225 6.04 4.03 1.88
22.5 - 20.0 6.30 4.12 1.99*
20.0 - 17.5 8.55 4.24 2.10
17.5 - 15.0 7.48 4.65 1.90
15.0 - 125 7.47 491* 2.30
12.5 - 10.0 5.17* 2.57
10.0 7.5 5.43% 2.65

7.5 5.0 5.70 2.43

5.0 2.5 5.44 2.40

2.5 0 5.57 2.36*

* interpolated data
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Table 2 B
El Chichén survey flights

Col. density (x10'2g m?) per latitude band

Southern hemisphere

Latitude band July  Oct/Nov Jan/Feb May Jan
82 82 83 83 84
0.0 - 2.5°8 5.37 2.32
25- 50 4.90 1.89
5.0 7.5 4.03 1.65*
7.5 - 10.0 3.30 1.41
10.0 - 12.5 2.45* 1.19
12.5 - 15.0 1.60 1.18*
15.0 - 17.5 1.60 1.17
17.5 - 20.0 1.39 1.53
20.0 - 225 1.49 1.33
225 - 25.0° 1.36 1.22
25.0 - 27.5 0.96 1.25
27.5 - 30.0 0.63 1.12
30.0 - 325 0.67 1.63
325 - 350 0.68* 1.42
35.0 - 375 0.70 1.25
37.5 - 40.0 0.65 1.71
40.0 - 42.5 0.62 1.12
42.5 - 45.0 0.93 1.59*
45.0 - 475 2.06
47.5 - 50.0 1.89
50.0 - 52.5 1.67
52.5 - §5.0 1.10
55.0 - 575 1.31

* interpolated data
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Table 3 A
El Chichén survey flights

Stratospheric mass (megatonnes) per latitude band
Northern hemisphere

Latitude band July  Oct/Nov Jan/Feb  May Jan Y Earth’s

82 82 83 83 84 Surface

77.5 - 75.0°N 0.07 0.05 0.5
75.0 - 72.5 0.08 0.07* 06
72.5 - 70.0 0.08 0.11 0.10 0.7
70.0 - 67.5 0.10 0.13 0.10 0.8
67.5 -°65.0 0.13 0.15 0.11 0.9
65.0 - 62.5 0.14 0.17 0.12 1.0
62.5 - 60.0 0.16 0.20 0.11* 1.0
60.0 - 57.5 0.18 0.20 0.11 1.1
57.5 - 55.0 0.14 0.23 0.10 1.2
55.0 - 52.5 0.24*  0.26 0.13 1.3
52.5 - 50.0 0.34 0.27 0.12 1.4
50.0 - 47.5 0.39 0.30 0.11 1.4
47.5 - 45.0 0.45 0.29 0.11 15
45.0 - 42.5 0.18 0.41%  0.27 0.09 1.6
42.5 - 40.0 0.05 0.19 0.37 0.25 0.06 1.6
40.0 - 375 0.06 0.19 0.35*  0.28 1.7
37.5 - 35.0 0.09 0.16 0.34 0.27 1.8
35.0 - 32.5 0.14 0.31 0.26 0.28 1.8
32.5 - 30.0 0.26 0.32 0.21 0.14 1.9
30.0 - 27.5 0.28 0.36 0.22 0.16 1.9
27.5 - 25.0 0.42 0.41 0.18 2.0
25.0 - 22.5 0.62 0.41 0.19 2.0
22.5 - 20.0 0.65 0.43 0.21* 2.0
20.0 - 17.5 0.90 0.45 0.22 2.1
17.5 - 15.0 0.80 0.50 0.20 2.1
15.0 - 12.5 0.81 0.53* 0.25 2.1
12.5 - 10.0 0.57* 0.28 2.1
100 - 75 0.60* 0.29 2.2
7.5- 50 0.63 0.27 2.2
50 - 25 0.60 0.27 2.2
25- 0 0.62 0.26* 2.2
Subtotal 5.08 7.46 4.66 6.58 1.49

* interpolated data
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Table 3 B
El Chichén survey flights

Stratospheric mass (megatonnes) per latitude band
Southern hemisphere

Latitude band July  Oct/Noy Jan/Feb  May Jan 9% Earth’s
82

82 83 83 84  Surface
0.0- 25 0.60 0.26 2.2
25 - 50 0.55 0.21 2.2
50- 175 0.45 0.18* 2.2
7.5 - 10.0 0.36 0.15 2.2
10.0 - 125 0.27* 0.13 2.1
12.5 - 15.0 0.18 0.13 21
15.0 - 17.5 0.17 0.13 2.1
17.5 - 200 0.15 0.16 2.1
20.0 - 225 0.15 0.14 2.0
225 - 250 0.14 0.12 20
25.0 - 27.5 0.10 0.12 2.0
27.5 - 30.0 0.06 0.11 19
30.0 - 325 0.06 0.16 1.9
32.5 - 350 0.06 0.13 1.8
35.0 - 37.5 0.06 0.11 1.8
37.5 - 40.0 0.06 0.15 1.7
40.0 - 42.5 0.05 0.09 1.6
42.5 - 45.0 0.07 0.13 1.6
45.0 - 47.5 0.16 1.5
47.5 - 50.0 0.14 1.4
50.0 - 52.5 0.12 1.4
52.5 - 55.0 0.07 1.3
55.0 - 57.5 0.08 1.2
Subtotals 3.54 3.18
Totals 5.08 11.00 4.66 9.76 1.49

* jinterpolated data

The global mass estimated from all these surveys seems to have peaked probably
in the time interval between the July and October-November 1982 mission. These
airborne surveys have yielded important new information about the distribution
and transport of the El Chichén volcanic cloud. However, a complete picture of
the global impact can only come from continuous global sampling of the stratos-
phere such as available from satellite measurements combined with measurements
of the various aerosol physical and optical properties at specific locations as a func-
tion of time.
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SUMMARY

This paper has presented lidar data taken by NASA in a number of airborne cam-
paigns designed to study effects of the El Chichén eruption on the stratosphere, re-
mote sensors, and the earth’s radiation budget. Also, ground-based lidar data were
described putting this eruption into a historical perspective with other volcanic im-
pacts to the stratosphere at 370N over the past 10 years. The ground-based data
show the El Chichén enhancement to be the largest by far that has occurred in the
last 10 years, and based on other data, probably the largest enhancement to the
Northern Hemisphere that has occurred in the last 70 years. The trend at 379N
since 1980 has been an increase in stratospheric loading with a peak value in January
1983, 100 times that in 1979. During the same period the peak areosol backscatter
ratio increased by as much as a factor of 400 to 600. Lidar profiles taken after the
peak in aerosol ratio and integrated amount showed the characteristic lowering in
peak value and broadening in width of the layer. ‘

The airborne campaigns covered the latitudes 90°N to 569S over the period July
1982 to January 1984. Extensive coordination with in situ and other remote
measurements was accomplished. The early flights showed the most massive and
optically thick stratospheric material to be above 20 km and was constrained be-
tween about 30°N to 10°S for the first 6 months. The extremes of these latitude
limits appeared to be variable from day to day depending on synoptic meteorology.
The lower material below about 20 km moved toward higher latitudes much more
rapidly; the Langley lidar observed this material to reach 379N as early as April 29.
1982. The first significant layer above 20 km was observed on June 2 and the larg-
est on July 1 with a backscatter ratio of about 45. These upper altitude observa-
tions, however, were transient and due to pieces of the main low latitude belt of
material being transported overhead. The bulk of this material remained at low
northern latitudes.

A global mass calculation was performed based on the data from the fall 1982
campaign and associated supporting measurements. The value derived was 12 mega-
tonnes (1.2 x 10'3g) for the total globe at this time after substracting out the pre-
existing loading.

The subsequent campaigns in the winters of 1983 and 1984 and in the lzie spring
of 1983 showed the material spreading globally and mixing downward in altitude.
The peak scattering ratios and column mass values decreased once peaked at a given
latitude. The layer at 28°N in July 1982, for example, peaked at 27 km but by
February 1983 the peak moved downward to 21 km. In May 1983, the peak back-
scatter ratios at 559N and 559S were at about 16-17 km. In the polar regions the
peaks in winter 1984 were at about 13-14 km. The integrated acrosol scattering
function or column mass density appeared to peak at approximately SO°N by the




220 GEOFISICA INTERNACIONAL

late spring of 1983 and 70° in the winter of 1984. The column mass densities for
each of the flights are given so that the time evolution (including decay) at various
latitudes can be determined. The global mass maximum is thought to have peaked
prior to the fall of 1982. As with other stratospheric constituents, the altitudes of
the peak backscatter ratios were lower with higher latitude.

The data obtained from these surveys present a unique set of measurements for
climate models and for an assessment of the impact of the El Chichén stratospheric
cloud on the earth’s radiation budget and remote sensors. Further analysis of the
global impact of these aerosols and a description of the decay of the stratospheric
mass loading will be the subject of future contributions.
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