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A climatology of stratospheric aerosol 

Matthew H. Hitchman, Megan McKay, 1 and Charles R. Trepte 2 
Department of Atmospheric and Oceanic Sciences, University of Wisconsin - Madison 

Abstract. A global climatology of stratospheric aerosol is created by combining 
nearly a decade (1979-1981 and 1984-1990) of contemporaneous observations from 
the Stratospheric Aerosol and Gas Experiment (SAGE I and II) and Stratospheric 
Aerosol Measurement (SAM II) instruments. One goal of this work is to provide 
a representative distribution of the aerosol layer for use in radiative and chemical 
modeling. A table of decadal average I/zm extinction values is included, extending 
from the tropopause to 35 km and 80øS to 85øN, which allows estimation of 
surface area density. We find that the aerosol layer is distinctly volcanic in nature 
and suggest that the decadal average is a more useful estimate of future aerosol 
loading than a "background" loading, which is never clearly achieved during the 
data record. This climatology lends insight into the general circulation of the 
stratosphere. Latitude - altitude sections of extinction ratio at i/zm are shown, 
averaged by decade, season, and phase of the quasi-biennial oscillation (QBO). A 
tropical reservoir region is diagnosed, with an "upper" and a "lower" transport 
regime. In the tropics above 22 km (upper regime), enhanced lofting occurs in the 
summer, with suppressed lofting or eddy dilution in the winter. In the extratropics 
within two scale heights of the tropopause (lower regime), poleward and downward 
transport is most robust during winter, especially in the northern hemisphere. The 
transport patterns persist into the subsequent equinoctial season. Ascent associated 
with QBO easterly shear favors detrainment in the upper regime, while relative 
descent and poleward spreading during QBO westerly shear favors detrainment 
in the lower regime. Extinction ratio differences between the winter-spring and 
summer-fall hemispheres, and differences between the two phases of the QBO, are 
typically 20-50%. Dynamical implications of the aerosol distributions are explored, 
with focus on interhemispheric differences, strong subtropical gradients, and the 
pronounced annual cycle. 

1. Introduction 

The optical and climatic effects of the stratospheric 
sulfuric acid aerosol layer have been written about for 
centuries [Turco et al., 1979]. More recently, scientists 
have focused on its role in ozone chemistry [Cadle, 1975; 
Holmann and Solomon, 1989; $tolarski and Wesoky, 
1993]. Indeed, the massive eruption of Mount Pinatubo 
appears to have led to notable ozone decreases in the 
presence of anthropogenic chlorine [Prather, 1992; Bekki 
et al., 1993; Herman et al., 1993; $choeberl et al., 1993] 
as well as changes in the distribution of surface temper- 
atures [Hansen et al., 1992; Robock and Mao, 1992]. 
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Stratospheric aerosol scatters solar radiation at I pm 
effectively. This property has been used to measure the 
aerosol distribution with solar occultation instruments 

mounted on polar orbiting spacecraft [McCormick et 
al., 1979]. A primary goal of the present work is to 
create a global stratospheric aerosol climatology using 
available satellite data of this type. The Stratospheric 
Aerosol and Gas Experiment (SAGE I and II) instru- 
ments [McCormick et at., 1989] were designed to sam- 
ple the tropics and midlatitudes, while the Stratospheric 
Aerosol Measurement (SAM II) instrument [Russell et 
al., 1981] was designed to observe the polar regions. 
Many discrete volcanic eruptions occurred during the 
data record. In order to ensure meaningful spatial pat- 
terns, only contemporaneous polar and nonpolar data 
were included, yielding a total of 9 years and I month. 

Treple and Hitchman [1992] presented sample aerosol 
distributions during the westerly and easterly shear 
phases of the quasi-biennial oscillation (QBO). Their 
findings include a tropical reservoir, pronounced merid- 
tonal gradients in the subtropics, and notably different 
patterns for the two phases of the QBO. Aerosol ob- 
servations from satellite [McCormick and Veiga, 1992; 
Treple et al., 1993] and ground-based lidar [Lungford, 
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A. O., et al., Transport of the Pinatubo volcanic aerosol 
to a northern midlatitude site, submitted to Journal of 
Geophysical Research, 1994] have proven useful in di- 
agnosing the transport of Mount Pinatubo debris out 
of the tropical reservoir. In this work we emphasize 
long-term averaging to enable a systematic climato- 
logical study of the relationship between aerosol and 
the general circulation. The satellite data and analysis 
methods are described in section 2, including screens, 
data frequency, and binning techniques for creating the 
decadal, quasi-biennial, and seasonal averages. Vari- 
ability due to volcanic activity, the decadal average 
aerosol distribution, and the use of tabulated extinction 
values for stratospheric models are discussed in section 
3. Implications for seasonal and quasi-biennial varia- 
tions in the general circulation are described in sections 
4 and 5, respectively. In the final section we focus on 
dynamical implications of the observed annual cycle, in- 
terhemispheric differences, and the pronounced merid- 
ional gradients flanking the tropical aerosol reservoir. 
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Figure 1. Time-latitude sampling pattern for SAM 
II (triangles, polar regions) and SAGE II (circles) dur- 
ing 1985. Each symbol represents the center of ~15 
profiles for a given day. Note the poor sampling near 
60øN and 85øN during the three-month season Decem- 
ber, January, February and near 60øS and 85øN during 
the season June, July, August. 

2. Satellite Data and Analysis Methods 

2.1 General Considerations 

The SAGE I and II and SAM II instruments measure 

extinction of solar radiation at 1 ttm by scanning the so- 
lar disk as it rises and sets in polar orbit. Usually there 
are 28-30 profiles taken per day by each instrument. 
They generally extend from the tropopause (or below 
if it is clear) to 30 km (SAM II) or q0 km (SAGE), 
with I km vertical resolution. The reader is referred 

to McCormick et al. [1989] and Chu et al. [1989] for 
characteristics of the SAGE data, and to Russell et al. 
[1981] and Ifent et al. [1985] for those of the SAM II 
data. Some aerosol reference profiles are given by Mc- 
Cormick e! al. [1993]. 

A representative sampling pattern (1985) is shown in 
Figure 1. The SAM II instrument samples high lat- 
itudes, while the SAGE instruments sample tropical 
and midlatitudes. A seasonal average is the shortest 
period which ensures continuous latitudinal coverage. 
Even so, data gaps occur near 600 and the poles in the 
winter hemisphere (Figure 1). At seasonal and longer 
timescales, many features are primarily zonally sym- 
metric. In this paper we concentrate on zonal mean 
phenomena. The data are binned every 50 of latitude 
from 80øS to 85øN and every kilometer from 8 to 35 km 
(but only to 30 km for the SAM II data). 

In drawing dynamical conclusions from temporally 
averaged distributions, significance is much more read- 
ily established for spatially continuous features. The 
spatial and temporal discreteness of volcanic eruptions 
necessitated using only SAGE and SAM II data taken 
during the same months. The SAM II instrument has 
operated since February 1979. The SAGE I instru- 
ment operated from October 1978 to November 1981, 
while the SAGE II instrument has operated since Octo- 
ber 1984. The months used in this climatology include 
February 1979- November 1981 and October 1984- De- 

cember 1990, a total of 9 years and 1 month. Data since 
1990 were excluded based on the historical observation 

that eruptions as large as Mount Pinatubo (June 1991) 
usually occur less often than once per decade. 

A further decision in compiling the climatology was to 
try to exclude frozen particles. Along an aircraft flight 
path from ~200 K to ~190 K the composition of liquid 
droplets changes rapidly from sulfuric acid trihydrate to 
an increasing mixture of nitric acid trihydrate, then of 
water [e.g., Dye et al., 1992]. Near 190 K freezing and 
more rapid growth by water deposition occurs. Our de- 
cision to try to separate liquid aerosol from frozen grains 
is based in part on the course of developments in labo- 
ratory and model work. Laboratory studies have shown 
that the reactions which liberate chlorine and sequester 
nitrogen go much faster near grain boundaries than liq- 
uid surfaces, although in the range 190-195 K this dis- 
tinction may be less valid. Nevertheless, it has been 
traditional to treat frozen and liquid aerosols separately 
in numerical models. It is also easier to diagnose the 
general circulation from extinction ratio patterns when 
seasonally appearing frozen particles are excluded. 

The types of data used include optical depth and pro- 
files of extinction and extinction ratio at 1 ttm. During 
the data record, observed extinction values, Eo, are typ- 
ically 10 -4-10 -a km- 1. If the particle size distribution 
is known, these may be converted to surface area den- 
sity, $, the quantity most directly relevant for heteroge- 
neous chemistry and radiative calculations (cf. section 
3.3). Extinction ratio,/3, is the ratio of aerosol extinc- 
tion, El, to molecular extinction, Era, estimated for 
gases alone [Russell et al., 1981]' /3 - Ea/E,•, where 
E, - Eo - Era. In the aerosol layer, values of/3 typ- 
ically range from 0 to 35. Due to the effective normal- 
ization by air density,/3 is a useful indicator of aerosol 
amount to higher altitudes than extinction. Although 
microphysical processes exert an important influence on 
the distribution of aerosol, spatial differences in trans- 
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Plate 1. Time-latitude section of stratospheric aerosol optical depth at 1 ttm, blending SAGE 
I and II and SAM II data. The logarithm of optical depth is shaded for values less than -2.9 to 
greater than-1.7, with color change at interval 0.1. Letters indicate specific volcanic eruptions 
(see text). The dominant phase of the QBO is indicated below the time line, where W (E) 
indicates westerly (easterly) shear. SAM II data in the northern polar latitudes are unavailable 
after late 1989 because of gradual orbital precession. 

port are effectively highlighted by patterns of extinction 
ratio. A latitude-time section of optical depth, the ver- 
tical integral of stratospheric extinction profiles, is used 
to show the distinct volcanic nature of the aerosol layer 
(Plate 1). 

2.2 Screening and Averaging Methods 

Five screens were used in processing the extinction 
and extinction ratio data. (1) A value was ignored if a 
profile was flagged as suspect. (2) It was also ignored 
if the estimated error exceeded 50%. (3) Values were 
ignored at and below where frozen particles were judged 
to be present. This was assumed for temperatures less 
than 198 K when a value exceeded the 80th percentlie 
of nonwinter values [Kent et al., 1985]. (4) A value 
was ignored as being contaminated by clouds if it was 
within I km of the tropopause level (provided with each 
profile) and exceeded 4.5 times the standard deviation 
plus the mean of binned values at that location. (5) In 
addition, nine SAGE (29 SAM II) profiles containing an 
extinction ratio value exceeding 100 (50) were ignored. 
All values shown were subjected to these screens, except 
for Plate 1, which represents frozen particles as well as 
liquid aerosol. 

Average values were calculated for each 5 o by 1 km 
bin on three timescales. The "decadal average" refers to 
the entire ~9.1 years of data. "DJF", "MAM", "JJA" 
and "SON" refer to the three-month seasons beginning 
with December, January and February. Several dif- 
ferent binning methods were assessed for highlighting 
aerosol differences between the easterly and westerly 
phases of the QBO. The method which best captures 
the phase differences is to bin according to the dom- 
inant sign of the vertical shear of zonal wind at Sin- 
gapore (IøN, 104øE) in the layer 20-30 km. The peri- 
ods chosen are as follows, where "QBO" in parenthe- 
ses indicates where the aerosol data began or ended 
in the middle of a QBO phase: easterly shear, Febru- 
ary 1979 (QBO) to June 1979, July 1980 to Novem- 
ber 1981 (QBO), October 1985 to April 1987, March 
1988 to July 1989, November 1990 to December 1990 
(QBO); westerly shear, July 1979 to June 1980, October 
1984 (QBO) to September 1985, May 1987 to February 
1988, August 1989 to October 1990. They may be com- 
pared with the time-altitude section in Holton [1992, 
Figure 12.11, p. 427]. Out of the 109 months of data, 
60 months (or 55% of the profiles) were assigned to the 
easterly shear category (westward winds increasing with 
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altitude), which is characterized by equatorial lofting. 
Westerly shear (49 months) is characterized by equato- 
rial subsidence and meridional divergence in the lower 
stratosphere. In the figures to be shown, bins with fewer 
than 50 data values are left blank. 

3. Decadal Average 

and pyrheliometer data [Goodman, 1984]. This ~9.1 
year data record may be taken as a "best guess" for 
future decades which lack very large eruptions. Values 
~10 times larger are appropriate for Mount Pinatubo. 
It is difficult to extrapolate to very large eruptions, such 
as that of Mount Toba ~75,000 years ago, which left a 
65 km diameter lake in Sumatra [Wilson, 1992, p. 24]. 

3.1 Volcanic Variability 

A latitude-time diagram of stratospheric optical depth 
at 1 ttm is shown in Plate 1. This quantity was obtained 
by integrating extinction values from 2 km above the 
tropopause to 35 km (without screening out frozen par- 
ticles). The combined SAGE and SAM II data shown 
here cover the time periods included in the climatology, 
plus 1991. Note the data gap of nearly 3 years between 
SAGE instruments. In addition, SAM II data in the 
northern polar latitudes are unavailable after late 1989 
because of the gradual precession of the orbit. One 
may see the enhanced particle formation over the po- 
lar regions in winter. The range in optical depth is 
~0.001 - 0.02, exclusive of Mount Pinatubo. Most no- 
tably, one can see the influence of the following erup- 
tions indicated by the first letter: Negra (løS, Novem- 
ber 1979), Ulawun (5øS, October 1980), St. Helens 
(46øN, May 1980), alaid (51øN, April 1981), Pagan 
(18øN, May 1981), Chichon in the data gap (17øN, April 
1982), Ruiz (5øN, November 1985), Kelut (8øS, Febru- 
ary 1990), Pinatubo (15øN, June 1991), and Hudson 
(46øS, August 1991). Aerosol from extratropical erup- 
tions tends to be removed from the stratosphere more 
readily than from tropical eruptions. Note that trop- 
ical aerosol tends to be confined during QBO easterly 
shear (e.g., Ulawun and Ruiz) and summer, but spreads 
poleward more readily during QBO westerly shear (e.g., 
Kelut) and winter. These aspects of seasonal and quasi- 
biennial transport will be described more fully in sec- 
tions 4 and 5. 

Two conclusions may be drawn which are fundamen- 
tal to this climatology' 

1. The record is distinctly volcanic in nature, with a 
monotonic decrease in optical depth after each erup- 
tion. It is not clear that minimum equilibrium val- 
ues were reached during this record; a new eruption 
always interrupted a downward trend. Globally inte- 
grated optical depth also shows the same signal of de- 
crease interrupted by eruption [McCormick and Veiga, 
1992, Figure 1]. This is also true of hemispherically inte- 
grated optical depth (Glenn Yue, personal communica- 
tion, 1993). This suggests that a "background" aerosol 
distribution, due solely to conversion of precursor sul- 
fur compounds wafting up from the troposphere, may 
be rare. 

2. The degree of volcanic activity during the data 
record is broadly representative of volcanic activity over 
the past century. This statement is based on a qualita- 
tive inspection of variability in the volcanic explosivity 
index [Newhall and Self, 1982; Smithsonian Institution, 
1989], sulfur emission index [Schnetzler et al., 1992], 

3.2 Tropical Reservoir, Upper and Lower Trans- 
port Regimes 

The decade average distribution of extinction ratio 
is shown in Figure 2. The number of values in each 
50 by 1 km bin typically exceeds 10 3 and reaches 10 4 
for the SAM II data in the polar regions. The pat- 
tern of standard deviation of these values (not shown) 
is very similar to Figure 2, with standard deviations 
being about 25% of extinction ratio values. Maximum 
tropical extinction ratio values are in the range 50-80 
before filtering, but post-eruption values decay rather 
quickly. Near the aerosol maximum, the fourth screen 
(section 2.2) filtered out values exceeding ~40. 

This decadal average distribution reveals the inte- 
grated transport effects on many eruptions. One may 
infer from Figure 2 that aerosol from extratropical erup- 
tions is removed from the stratosphere more quickly 
than from tropical eruptions, leaving a characteristic 
maximum over the equator near 21 km. Here aerosol 
extinction exceeds molecular extinction by a factor of 
~12, with values decreasing monotonically upward to 
35 km and poleward and downward to the extratropical 
tropopause near 8 km. For any subperiod the pattern 
is similar. The decrease downward to the tropopause, 
below which there are no contours, may be ascribed to 
sedimentation, dilution by tropospheric air, and insuf- 
ficient ultraviolet light for photolyzing precursor sulfur 
species. 
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Figure 2. Latitude-altitude section of extinction ratio 
at 1 t•m averaged for the ~9.1 years of contemporaneous 
SAGE and SAM II data, with a contour interval of 0.5 
and dashed line at 0.25. 
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Above the dashed contour in Figure 2 aerosol extinc- 
tion is less than one quarter of molecular extinction. 
This upward decrease is probably due to evaporation 
as air experiences net radiative heating and ascends. 
It is likely that the liquid aerosol contains solid cores 
[Turco et al., 1979]. It may be of interest to investigate 
whether the cores could nucleate new droplets upon ar- 
rival in cold polar regions. Holmann and Rosen [1984] 
have shown that, following the eruption of El Chichon in 
April 1982, a surge in particles with radius less than 0.01 
pm occurred above 29 km over Laramie, Wyoming in 
January 1983. They showed that this air came over the 
north pole between the Aleutian High and displaced po- 
lar vortex. In a study of the climatology of the Aleutian 
High (M. H. Hitchman and V. L. Harvey, manuscript in 
preparation) it has been shown that this type of air mo- 
tion can be traced back further around the polar vortex 
to the eastern hemisphere subtropics. This topic will 
be returned to in conjunction with the seasonal cycle. 

Aerosol gradients are more pronounced beginning 
near the 5 contour. The region bounded roughly by 
the 5 contour may be regarded as a reservoir of tropi- 
cal stratospheric air which is partially sequestered from 
the rest of the stratosphere. Relatively high values are 
found in a column above 22 km over the tropics (the 
"upper regime") and in the extratropics within ~10 km 
of the tropopause (the "lower regime"). In the decadal 
average, lofting in the upper regime is more pronounced 
in the southern subtropics, while poleward and down- 
ward transport in the lower regime is stronger in the 
northern hemisphere. As will be shown in section 4, this 
is due to the more vigorous circulation present during 
the northern winter and spring. 

The pronounced meridional gradient near 20øN and 
S is a striking, persistent feature of the aerosol pattern. 
For the lower transport regime to exist, some mixing 
must occur across the subtropics. We infer that this 
mixing is simply weaker than in the extratropics, where 
gradients are seen to be significantly weaker. This con- 
clusion was also reached by Murphy et al. [1993] in ex- 
plaining remarkably strong subtropical gradients in the 
ratio of reactive nitrogen to ozone seen in ER-2 flights. 

The location of enhanced gradients in some constituents 
on the winter hemisphere side may be close to the equa- 
torward edge of a region of pronounced mixing, or "surf 
zone" [Mcintyre and Palmer, 1984], where it has been 
hypothesized that a "semipermeable barrier" to trans- 
port exists, which is due to an enhanced meridional gra- 
dient of potential vorticity [Mcintyre, 1990]. On the 
other hand, the aerosol gradient on the summer hemi- 
sphere side coincides with a region of strong shear asso- 
ciated with the subtropical easterly jet. The nature of 
this transport barrier will be explored further in section 
6. 

3.3 Tabulated Extinctions and Model Usage 

The decadal average values of observed extinction, 
Eo, are given in Table 1, with a 2 km by 100 resolu- 
tion. We have made the decadal, quasi-biennial and 
seasonal values at I km by 50 resolution available elec- 
tronically (write to User and Data Services, Distributed 
Active Archive Center, MS 157B, NASA Langley Re- 
search Center, Hampton, VA 23681). From these val- 
ues, surface area density (S) may be calculated. At 
present, this conversion contains a great deal of uncer- 
tainty, due to the relative lack of knowledge of the global 
variation of aerosol size distributions and their evolu- 

tion following an eruption. Thomason and Poole [1993] 
have recently employed other SAGE II channels to in- 
fer size distributions. In separate work we are studying 
the effects of aerosol on ozone, using a two-dimensional 
model which is described by Brasseur et al. [1990]. The 
conversion method we use is based on the data of Jdger 
and Holmann [1991], who performed extensive lidar and 
particle counter measurements over Wyoming. Ratios 
of surface area density to backscatter, and observed ex- 
tinction to backscatter, varied considerably during their 
observation period 1980-1987 and over their altitude 
bins 15-20, 20-25 and 25-30 km. We fitted a vertical 
profile to the average of their ratios during the periods 
1980-1981 and 1985-1987, which were contemporaneous 
with the satellite aerosol data. The resulting formula for 
converting observed aerosol extinction, Eo, tabulated 
in units of km -•, to surface area density, S, in units 

Table 1. Decadal Mean Values of Aerosol Extinction at 1 pm, in Units of 10 -4 km -•, Given Every 10 ø From 
80øS to 80øN and Every 2 km From 8 km (or the Tropopause) to 34 km Altitude. 

80øS 70øS 60øS 50øS 40øS 30øS 20øS 10øS 0 ø 10øN 20øN 30øN 40øN 50øN 60øN 70øN 80øN 

34 .01 .01 .02 .02 .02 .02 .03 .04 .04 .03 .03 .02 .02 .02 .02 .01 .01 
32 .01 .02 .02 .03 .03 .04 .06 .09 .09 .07 .06 .04 .03 .03 .02 .02 .02 
30 .05 .05 .04 .04 .05 .08 .14 .22 .24 .20 .14 .08 .05 .05 .03 .05 .06 
28 .05 .08 .07 .08 .12 .18 .34 .56 .66 .57 .37 .18 .11 .09 .06 .08 .10 
26 .08 .13 .14 .20 .29 .42 .74 1.3 1.5 1.3 .80 .42 .26 .21 .13 .16 .16 
24 .15 .25 .28 .48 .66 .87 1.5 2.6 3.1 2.5 1.5 .88 .60 .47 .33 .34 .28 
22 .31 .47 .56 1.0 1.3 1.7 2.6 4.3 5.5 4.7 3.0 1.8 1.3 1.0 .76 .70 .54 
20 .62 .91 1.1 2.0 2.5 3.1 4.0 5.5 8.1 6.7 4.4 3.2 2.6 2.1 1.7 1.6 1.2 
18 1.0 1.7 2.0 3.3 3.7 3.9 3.3 3.2 2.9 2.8 3.2 4.1 4.1 3.6 3.1 2.6 2.4 
16 2.1 2.8 3.1 4.2 3.8 2.8 2.1 2.1 2.7 2.5 2.3 3.0 4.4 4.8 4.1 4.4 4.1 
14 4.8 4.5 3.9 4.2 3.3 2.5 1.7 2.8 4.2 5.3 4.6 5.8 5.4 
12 5.6 5.3 4.6 4.5 3.8 2.6 3.0 5.0 6.0 5.7 7.1 6.6 
10 5.3 5.6 5.7 5.3 5.1 3.4 4.0 7.1 7.7 8.6 7.9 7.8 
8 3.9 5.0 5.1 5.0 6.7 6.0 5.8 6.6 5.9 6.1 
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Figure 3. As in Figure 2, except for aerosol surface 
area density in square microns per cubic centimeter, 
using the conversion factor given by equation (1). 

of/•m 2 cm -a, increases linearly above the tropopause, 
Z•,, which varies with latitude: 

(1) 
In Table i ZT is the lowest altitude that is not blank. 
The standard deviation of the conversion factor in JKger 
and Hofmann's data is about 1/3 of the values in (1). 
The sensitivity of model results to uncertainties in con- 
version factor may be estimated by halving or doubling 
surface area densities. 

Figure 3 shows the decade average pattern of surface 
area density using (1). Due to the lack of normalization 
by air density, maximum values of surface area density 
are found at lower altitudes than for extinction ratio. 

Within 5 km of the tropopause, surface area values are 
estimated to be about 3/•m 2 cm -a on the decadal av- 
erage, exceeding 5 in the tropics and north polar re- 
gions. These values are about 10 times larger than the 
1979 values used in current ozone assessment models 

[Prather et al., 1992; $tolarski and Wesoky, 1993]. We 
feel that the decadal averages are a better estimate of 
future aerosol loading. As an example of the significance 
of aerosol, in our two-dimensional model the effects of 
nitrogen emissions from a proposed fleet of high speed 
civil transports are largely negated through sequester- 
ing in the aerosol (results to be reported elsewhere). 

4. Seasonal Averages 

Extinction ratio distributions for boreal winter (DJF), 
spring (MAM), summer (JJA), and fall (SON) are shown 
in Figure 4. The percent interhemispheric differences 
for each season are shown in Figure 5. The number of 
measurements at each point in these plots is about 1/4 
that of the decadal average, with notable exceptions due 
to the changing sampling pattern (Figure 1). Bins con- 

taining fewer than 50 values were left blank in Figures 
4 and 5: 55øN, 60øN and 85øN during DJF, and 55øS, 
60øS, 80øS, and 85øN during JJA. Within each season 
the aerosol distribution is again nearly continuous, with 
values decreasing monotonically away from the 21 km 
level over the equator. 

The overall impression is a stretching of contours up- 
ward in the summer subtropics, simultaneously with 
poleward and downward stretching in the winter (Fig- 
ures 4a and 4c). The same contour pattern is present 
in the subsequent equinoxes: upward displacement in 
the fall hemisphere, with poleward and downward dis- 
placement in the spring (Figures 4b and 4d). In each 
season values in the region 25-33 km, equatorward of 
400 are high in the summer and fall, and low in the win- 
ter and spring (Figure 5), with typical interhemispheric 
differences being ~20-40%. In the layer 8-25 km, high 
values extend poleward and downward out of the trop- 
ics quite markedly in the northern winter and spring 
(Figure 4). During northern winter and spring values 
are 20-50% larger than in the southern hemisphere in 
the lower transport regime, with this difference increas- 
ing toward the pole (Figures 5a and 5b). The layer of 
enhanced aerosol over high northern latitudes is quite 
deep in spring (Figure 4b). During the southern hemi- 
sphere winter and spring, values are higher than in 
the northern summer and fall by 10-20% (Figures 5c 
and 5d), but only to ~500 latitude. Poleward of this, 
aerosol amounts are much lower in southern winter and 

spring, consistent with pronounced descent of aerosol- 
poor air over Antarctica at these levels. This likely oc- 
curs through gravity wave driven descent in the upper 
stratosphere [Hitchman et al., 1989], strong radiative 
cooling by exchange with the cold elevated Antarctic 
and space, and a lack of strong quasi-horizontal mixing 
relative to the north polar winter vortex. 

Aerosols share a notable characteristic with other 

tracers in that maximum displacement occurs when 
transport is waning. Hence the similarity of the equinox 
patterns to the preceding solstice patterns (Figures 5a- 
5b and 5c-5d) does not necessarily indicate similarly 
vigorous transport. Recall that column ozone amounts 
maximize in accumulation regions over northern high 
latitudes and southern midlatitudes in spring. 

The tropical confinement of aerosol and its implied 
local minimum in transport suggest a modification to 
the Brewer-Dobson circulation model. This model has 

emerged through consideration of the water vapor bud- 
get [Brewer, 1949], column ozone distribution [Dobson, 
1956], the radiative budget [Murgatroyd and Singleton, 
1961], the dispersal of radioactive tracers from bomb 
tests in the 1950s and 1960s [Feely and Spar, 1960; Tel- 
egadas and List, 1969], and the pattern of diminution 
of solar radiation at the surface after the eruption of 
Mount Agung in March 1963 [Dyer and Hicks, 1968]. It 
is tempting to infer from Figures 4 and 5 that the lower 
transport regime of the Brewer-Dobson circulation is 
unidirectional. Yet the aerosol maximum is nearly al- 
ways over the equator soon after an eruption. Inter- 
estingly, a year after a bomb was exploded near 12øN, 
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Figure 4. As in Figure 2, except averaged by season: (a) DJF, (b) MAM, (c) J JA, (d) SON. 

21 km in 1958, radioactive debris concentrations max- 
imized over the equator, with a poleward and down- 
ward plume similar to that in the aerosol distributions 
[Feely and Spar, 1960]. This suggests that the lower 
transport regime involves two-way stirring, but with a 
bias toward poleward and downward transport. Given 
an equatorward decrease in mixing rates, debris from 
an extratropical eruption could reach the tropics, while 
extratropical material is removed more rapidly, leav- 
ing a much smaller relative maximum over the equator 
months later. 

Other evidence supporting two-way transport comes 
from recent observations of water vapor [Tuck et al., 
1993]. During the Antarctic spring of 1992 low water 
vapor values from the south polar vortex appeared to 
reach the tropics. Another curious observation is the 
very weak meridional gradient in ozone compared to 
aerosol in the subtropical lower stratosphere [Trepte, 
1993]. This could be explained by the fact that the 
source of ozone is distributed across the transport mini- 
mum. The distribution and apparent direction of trans- 

port for a particular constituent must depend on the 
relative strengths and locations of sources and sinks. 

As another example, in the upper transport regime 
more aerosol is found in the summer than in the winter 
subtropics and the pattern is most notable during the 
northern winter (Figures 4 and 5). Is this due purely 
to enhanced lofting from the tropical reservoir on the 
summer hemisphere side, or is there a significant con- 
tribution to this pattern by removal of aerosol-rich air 
and injection of aerosol-poor air from the winter extra- 
tropics? The Aleutian High and displaced polar vortex 
are robust features of the northern winter circulation. 
This vortex pair tilts westward with altitude and yields 
a chronic zonal asymmetry in low latitudes. In the 
layer 25-35 km, during most winter days extratropical 
air enters the tropics in the western hemisphere, while 
tropical air moves poleward in the eastern hemisphere. 
Since polar air is depleted in aerosol, due to subsidence 
from aloft, this horizontal mixing pattern is likely to 
be equally as important as summer ozone heating in 
accounting for the shape of the upper regime. 
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to equatorward flow (convergence) with descent below. 
Thus, an easterly shear layer is characterized by ascend- 
ing air with meridional convergence at the base, while 
a westerly shear layer is characterized by descending 
air and meridional divergence at the base. The com- 
ments in section 4 regarding maximum displacement of 
material when transport is waning also apply to the de- 
scending shear zones of the QBO. The strongest merid- 
ional divergence occurs at the level of maximum east- 
erlies, so the maximum poleward displacement may be 
expected when westerly shear is present. These circu- 
lations expected from theory are revealed quite clearly 
in the aerosol patterns shown in Figures 6 and 7. 

These patterns suggest that, in the upper regime, air 
is made more accessible for detrainment from the trop- 
ical reservoir in the upper stratosphere during QBO 
easterly shear. In the lower regime air is more read- 
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[igure [. La[i[ude-al[i[ude see[ion o[ [he hemispheric 
difference in seconal average ex[inc[ion ra[io expressed 
in percent' (N- S)/S x 100, with contour interval 20%, 
for (a) DJF, (b) MAM, (c) JJA, (d) SON. Negative val- 
ues (dashed) indicate that southern hemisphere values 
are higher for a given three-month averaging period. 

5. QBO Variations 

ily available for transport into the polar lower strato- 
sphere during westerly shear. Optical depth primarily 
represents aerosol in the lower stratosphere. A careful 
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The aerosol distribution also varies markedly with 25 

the phase of the QBO. Figure 6 shows extinction ra- 
tios binned according to times of predominant westerly 
and easterly shear, while Figure 7 shows the percent dif- 20 

fetenee (westerly minus easterly). The overall impres- 
sion is a gathering and lofting during the easterly shear 
phase and a slumping and poleward spreading during as 
westerly shear. Extinction ratio values are higher by 25- 
50% in the upper regime during easterly shear and by 
25-50% in the lower regime during westerly shear. This •0 
result is consistent with expectations from theory and 
models [e.g., Plumb and Bell, 1982]. In easterly shear 
and near an equatorial easterly wind maximum, east- 
erly wave driving leads to poleward flow (divergence) 
and ascent from below. In westerly shear and near a 
westerly wind maximum, westerly wave driving leads 

80S 

Figure 6. As in Figure 2, except averaged by phase of 
the QBO, as determined by predominant (a) westerly 
shear or (b) easterly shear of zonal wind at Singapore 
(see text). 
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Figure 7. Latitude-altitude section of the percent dif- 
ference in extinction ratio between the westerly shear 
and easterly shear phases of the QBO: (W- E)/W x 
100, with contour interval 10%. Dashed contours indi- 
cate values which are higher during periods of predom- 
inant easterly shear. 

inspection of Plate i verifies that poleward transport of 
tropical aerosol in the lower regime occurs more read- 
ily during QBO westerly shear and in the winter and 
spring. 

Aerosol changes of the order 25-50% might be ex- 
pected to exert a noticeable influence on stratospheric 
chemistry and the local stratospheric heat budget [Lab- 
itzke and McCormick, 1992]. Other phenomena which 
might be modulated by quasi-biennial variations in aerosol 
loading include seeding of cirrus clouds and the merid- 
ional distribution of total radiation and of biologically 
active ultraviolet radiation at the surface. 

6. Discussion 

6.1 Summary 

This climatology provides the first global view of 
long-term average aerosol distributions on decadal, quasi- 
biennial, and seasonal timescales. It strongly supports 
the notion that the aerosol layer is fundamentally vol- 
canic in nature, with the general circulation preserving 
tropical debris longer, creating a reservoir. It also pro- 
vides decadal average extinction values for use in mod- 
eling the current and future states of the stratosphere. 

Detrainment from the tropical reservoir may be di- 
vided into an "upper" and a "lower" regime, where as- 
cent occurs above 22 km in the tropics, with simul- 
taneous poleward and downward transport closer to 
the tropopause. The pattern of aerosol displacement 
is strongest in northern winter and spring. The lower 
transport regime does not appear to penetrate the south 
polar vortex, consistent with subsiding aerosol-poor air. 
In the upper regime, ozone heating enhances lofting on 
the summerside, while dilution by planetary wave trans- 
port occurs on the winterside. During the northern win- 

ter, organized transport by the Aleutian High and the 
displaced polar vortex brings tropical air poleward in 
the eastern hemisphere and polar air equatorward in 
the western hemisphere. The reduced aerosol amounts 
in the winter subtropics near the top of the evaporat- 
ing tropical aerosol plume may therefore be related to 
small particle surge events such as those reported by 
Hofmann and Rosen [1984]. 

A striking difference also exists between the east- 
erly and westerly shear phases of the QBO, with en- 
hanced tropical confinement and lofting during the east- 
erly shear phase, and with subsidence and enhanced 
poleward and downward transport during the westerly 
shear phase. The global aerosol distributions provide a 
useful constraint on atmospheric motions. We are cur- 
rently pursuing quantification of such motions through 
the use of an aerosol microphysical model. Two dy- 
namical features bear further consideration here: the 

sharpness of the subtropical gradient and the nature of 
the annual cycle in the lower transport regime. 

6.2 Subtropical Gradients 

The sharpness of the subtropical gradient in aerosol is 
evidence of regions of reduced transport, which should 
be included in numerical models. But what is the dy- 
namical explanation for this "transport barrier"? An 
examination of climatological distributions of zonal mean 
zonal wind and potential vorticity (PV) gradient proves 
to be useful [e.g., Randel, 1992, pp. 165, 171]. Large PV 
gradients can suppress irreversible mixing by breaking 
Rossby waves. Near 50 hPa (~22 km) a pronounced PV 
gradient occurs near 60 ø in the winter hemisphere on 
the poleward edge of the "surf zone", but it is difficult 
to see any enhancement of the PV gradient in the sub- 
tropics. In the summer subtropics, pronounced merid- 
ional shear of the zonal flow occurs on the flanks of the 

easterly jet, which tends to coincide with climatologi- 
cal aerosol gradients. The concept of shear suppression 
o. • eddy transport has emerged through conversations 
with David Newman, Paul Terry, and Andrew Ware. 
The basic notion is that sufficiently strong shear will 
elongate eddies to the point of destruction before they 
have time to rotate and transport constituents. This 
mechanism of shear suppression of eddy transport and 
geophysical applications are discussed by A. S. Ware et 
al. (The role of shear in geophysical transport barriers, 
submitted to Geophysical Research Letters, 1994). 

6.3 Annual Cycle 

Poleward transport within the lower regime likely 
involves mixing by Rossby waves [e.g., Rosenlof and 
Holton, 1993], inertio-gravity waves [Palmer et al., 1986; 
Iwasaki et al., 1989] and quasi-stationary monsoon 
structures in the summer subtropics [M. H. Hitchman 
and G. A. Postel, manuscript in preparation]. In con- 
junction with pronounced seasonal changes in aerosol, 
the tropopause throughout the entire tropics undergoes 
a surprising annual cycle, with the tropopause being 
highest and coldest in February and lowest and warmest 
in August [Reed, 1962; Reed and VIcek, 1969; Reid and 
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Gage, 1981, 1985]. The annual variation in the strength 
of this circulation, being upward through the tropical 
tropopause, then poleward and downward into the win- 
ter hemisphere, has been ascribed to lower stratospheric 
wave driving being more pronounced during the north- 
ern winter [Robinson, 1980; Holton, 1990; Follows, 1992; 
Yulaeva et al., 1994]. An annual cycle in tropical con- 
vection may also play a role. Mitchell and Wallace 
[1992] showed that outgoing longwave radiation aver- 
aged from 6øS to 6 o N is higher during northern summer. 
They ascribed the associated reduction in convection to 
the seasonal development of equatorial cold tongues in 
the eastern Pacific and Atlantic during northern sum- 
mer. Moreover, the deepest convection might be ex- 
pected during northern winter due to the destabilizing 
influence of east Asian cold air outbreaks near Indone- 

sia. Zhang [1993] found that the mean fractional cloud 
cover for deep tropical clouds is largest during northern 
winter. 

In order for air to undergo this zonal mean merid- 
ional circulation, it must cross potential temperature 
surfaces upward in the tropics and downward in the 
extratropics. It must also cross angular momentum 
surfaces, gaining westerly angular momentum during 
equatorward motion in the troposphere, and losing an- 
gular momentum during poleward flow in the strato- 
sphere. Wave driving in the stratosphere allows parcels 
to move poleward, but this alone cannot explain how 
parcels move upward across potential temperature sur- 
faces in the tropics. Nor can it explain the manner in 
which air gains angular momentum in trade easterlies 
or how air descends through potential temperature sur- 
faces in the extratropics. Focusing on tropical entry 
into the stratosphere, the preponderance of evidence 
suggests that this occurs in preferred regions of active 
convection over warm surfaces, most notably near In- 
donesia. Air parcels must cool and become dehydrated, 
yet warm and ascend. Parcel motions in the vicinity of 
convective complexes are therefore quite complex. We 
are only beginning to understand the precise manner 
in which air enters the stratosphere. Nevertheless, ev- 
idence suggests that warmer sea surface temperatures 
tend to result in more air entering the stratosphere. 
From a zonal mean perspective, any change in tropi- 
cal convection, stratospheric wave driving, extratropi- 
cal subsidence, or subtropical lower tropospheric flow 
would change the meridional circulation. Since ascent 
into the stratosphere occurs preferentially near tropi- 
cal convective centers, it is of interest to examine the 
geographical variation in the relationship between con- 
vective regions and poleward transport. Our work (to 
be reported elsewhere) shows that tropical-extratropical 
exchange occurs in preferred longitude bands near con- 
vective regions. These longitudinally isolated monsoon 
structures yield zonal mean Eliassen-Palm flux diver- 
gences which are compatible with the generation of 
wave activity (zonal asymmetries) by convection in the 
tropical lower stratosphere. 
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