
Earth Syst. Sci. Data, 10, 469–492, 2018
https://doi.org/10.5194/essd-10-469-2018
© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

A global space-based stratospheric aerosol
climatology: 1979–2016

Larry W. Thomason1, Nicholas Ernest2, Luis Millán3, Landon Rieger4, Adam Bourassa4,
Jean-Paul Vernier2, Gloria Manney5, Beiping Luo6, Florian Arfeuille7, and Thomas Peter6

1NASA Langley Research Center, Hampton, Virginia, USA
2SSAI, Hampton, Virginia, USA

3NASA JPL, Pasadena, California, USA
4University of Saskatchewan, Saskatoon, Saskatchewan, Canada

5NorthWest Research Associates, Socorro, New Mexico, USA
6ETH Zurich, Zurich, Switzerland

7Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Air Pollution and
Environmental Technology, Dübendorf, Switzerland

Correspondence: Larry W. Thomason (l.w.thomason@nasa.gov)

Received: 17 August 2017 – Discussion started: 19 September 2017
Revised: 12 January 2018 – Accepted: 16 January 2018 – Published: 12 March 2018

Abstract. We describe the construction of a continuous 38-year record of stratospheric aerosol optical prop-
erties. The Global Space-based Stratospheric Aerosol Climatology, or GloSSAC, provided the input data to the
construction of the Climate Model Intercomparison Project stratospheric aerosol forcing data set (1979–2014)
and we have extended it through 2016 following an identical process. GloSSAC focuses on the Stratospheric
Aerosol and Gas Experiment (SAGE) series of instruments through mid-2005, and on the Optical Spectrograph
and InfraRed Imager System (OSIRIS) and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO) data thereafter. We also use data from other space instruments and from ground-based, air,
and balloon borne instruments to fill in key gaps in the data set. The end result is a global and gap-free data
set focused on aerosol extinction coefficient at 525 and 1020 nm and other parameters on an “as available” ba-
sis. For the primary data sets, we developed a new method for filling the post-Pinatubo eruption data gap for
1991–1993 based on data from the Cryogenic Limb Array Etalon Spectrometer. In addition, we developed a
new method for populating wintertime high latitudes during the SAGE period employing a latitude-equivalent
latitude conversion process that greatly improves the depiction of aerosol at high latitudes compared to earlier
similar efforts. We report data in the troposphere only when and where it is available. This is primarily during
the SAGE II period except for the most enhanced part of the Pinatubo period. It is likely that the upper tropo-
sphere during Pinatubo was greatly enhanced over non-volcanic periods and that domain remains substantially
under-characterized. We note that aerosol levels during the OSIRIS/CALIPSO period in the lower stratosphere
at mid- and high latitudes is routinely higher than what we observed during the SAGE II period. While this
period had nearly continuous low-level volcanic activity, it is possible that the enhancement in part reflects de-
ficiencies in the data set. We also expended substantial effort to quality assess the data set and the product is
by far the best we have produced. GloSSAC version 1.0 is available in netCDF format at the NASA Atmo-
spheric Data Center at https://eosweb.larc.nasa.gov/. GloSSAC users should cite this paper and the data set DOI
(https://doi.org/10.5067/GloSSAC-L3-V1.0).

Published by Copernicus Publications.

https://eosweb.larc.nasa.gov/
https://doi.org/10.5067/GloSSAC-L3-V1.0


470 L. W. Thomason et al.: Aerosol climatology: 1979–2016

1 Introduction

Since the discovery of the stratospheric aerosol layer, there
has been a continuing interest in the role of stratospheric
aerosol in chemistry and climate. Stratospheric aerosol cli-
matologies derived primarily from space-based observations
of their optical properties have been key elements of the
study of the effects of major volcanic events. Often, data
sets covering the years following the 1991 eruption of Mount
Pinatubo were developed based primarily on observations by
the Stratospheric Aerosol and Gas Experiment (SAGE II)1

and other members of this series of instruments (see Fig. 1).
We supplement SAGE observations with a variety of other
space-based observations as well as ground- and balloon-
based observations. These merged data have formed a part
of a number of well-known aerosol climatologies includ-
ing the Goddard Institute for Space Studies (GISS) Strato-
spheric Aerosol Optical Thickness forcing data set (Sato et
al., 1993) and more extensive sets reported in Thomason et
al. (1997b), Stenchikov et al. (1998), Bauman et al. (2003),
SPARC (2006), and Arfeuille et al. (2013). These climatolo-
gies have been a part of a number of climate studies by in-
dividual users as well as larger group efforts such as the Cli-
mate Model Intercomparison Project (CMIP; Taylor et al.,
2012).

Herein, we report on a global space-based stratospheric
aerosol climatology (GloSSAC) that we developed to sup-
port the Coupled Model Intercomparison Project phase 6
(CMIP6; Morgenstern et al., 2017). GloSSAC is most closely
related to the Assessment of Stratospheric Aerosol Properties
(ASAP; SPARC, 2006) and CMIP phase 5 data sets (for pa-
pers related to this data set see Vernier et al., 2011, Solomon
et al., 2011, and Mills et al., 2016) and follows the same basic
paradigm that produce those versions. We build it primarily
using space-based measurements by a number of instruments
including the SAGE series, the Optical Spectrograph and In-
fraRed Imager System (OSIRIS; Rieger et al., 2015), the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob-
servation (CALIPSO; Vernier et al., 2011), Cryogenic Limb
Array Etalon Spectrometer (CLAES; Massie et al., 1996),
and the Halogen Occultation Experiment (HALOE; Thoma-
son, 2012). We compile the data set in monthly depictions for
80◦ S to 80◦ N and from the tropopause to 40 km. We use the
mean World Meteorological Organization tropopause (World
Meteorological Organization, 1992) as a function of latitude
and month as derived from MERRA for the SAGE II lifetime
throughout this analysis. We preserve the tropopause data set
within GloSSAC. The data set primarily consists of measure-
ments by the instruments at their native wavelength and mea-
surement type (e.g., extinction coefficient). However, every
stratospheric bin in these monthly grids receives measured or
indirectly inferred values for aerosol extinction coefficient at
525 and 1020 nm. Generally, when no data are available, bins

1A complete list of acronyms is included in Appendix A

are filled via simple linear interpolation in time only. The ex-
ceptions are in the SAGE I/II gap (1982–1984) where data
from SAM II and ground-based and airborne lidar data sets
are used. Ground-based lidar also supplements space-based
data in the months following the Pinatubo eruption when
much of the lower stratosphere was too optically opaque for
SAGE II to measure. This data set includes total aerosol sur-
face area density and volume estimates based on Thomason
et al. (2008) (including size distribution parameters) though
these should be interpreted as bounding values (low and
high) rather than functional aerosol parameters that are pro-
duced from this and predecessor data sets by other users (Ar-
feuille et al., 2013). We have archived GloSSAC at NASA’s
Atmospheric Science Data Center and a digital object identi-
fier (DOI) for GloSSAC (https://doi.org/10.5067/GloSSAC-
L3-V1.0) is available.

Among the challenges to the creation of GloSSAC and its
predecessors is the general inhomogeneity of the data sets.
The source/instrument from which data are derived changes
sometimes without overlap from earlier instruments. In addi-
tion, the various instruments measure in fundamentally dif-
ferent ways including limb occultation, limb scatter, and lidar
backscatter. It is both obvious and important to note that none
of the measurements form a complete set of observations
of stratospheric aerosol from which any desired aerosol pa-
rameter can be derived without significant assumptions about
aerosol composition and size distribution (Thomason et al.,
2008). During periods in which aerosol extinction coefficient
values at 525 and 1020 nm are not available, they are empir-
ically derived from available observations rather than based
on inferred size distributions or similar approaches. We iden-
tify and make an effort to exclude observations in which we
infer the presence of polar stratospheric clouds and clouds
near the tropopause (which is particularly important in the
tropics) in an instrument specific manner. While cloud pres-
ence determination is generally robust, some variations in
the aerosol climatology may arise due to differences in how
effective these processes are from instrument to instrument
that may depend on variations in the aerosol loading itself.
While continuity in the data set is a key goal for GloSSAC,
maintaining it over 35 years is challenging. We urge caution
in using this data set for “off label” applications such as at-
tempting to infer long-term changes in stratospheric aerosol
background levels.

We do not make active use of every potential source of
space-based aerosol observations in GloSSAC and we select
instruments via a straightforward set of criteria. The CMIP6
stratospheric aerosol data set was finalized in early 2015 and
GloSSAC v1.0 is simply an extension of that compilation.
Therefore, we have avoided any changes in data sources and
process for this release. In general, instruments with long
records (many years) are preferred over those with short life-
times, as are those that have a large latitude domain. Data
must have been publicly available during the creation of the
CMIP6 data set in late 2014. As a result, we excluded SCIA-
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Figure 1. Space-based sources for stratospheric aerosol extinction coefficient data and their status in GloSSAC. Two non-space instruments
whose data are used in GloSSAC (NASA Airborne Lidar and NASA 48-inch lidar) are also shown.

MACHY, which has since met this criterion (von Savigny et
al., 2015). We will consider this data set for use in future
versions of GloSSAC. In addition, the data must have a peer-
reviewed validation paper for stratospheric aerosol products
and this requirement currently excludes OMPS (Gorkavyi et
al., 2013), MAESTRO (Kar et al., 2007), and SOFIE (Hervig
et al., 2017). We also excluded data sets that do not fill a
unique function in the data set particularly due to lifetime or
spatial coverage (some of which also present additional use
challenges). These include SAGE III/Meteor 3M (Thoma-
son et al., 2007), POAM III (Randall et al., 2001), ACE Im-
ager (Vanhellemont et al., 2008), ILAS I/II (Burton et al.,
1999), ISAMS (Lambert et al., 1996), HIRDLS (Massie et
al., 2010), and GOMOS (Vanhellemont et al., 2016; Robert
et al., 2016). Generally, we have chosen to minimize the
number of instruments to simplify the already complex prob-
lem of making a homogeneous composite data set and the
value we place on some data sets is influenced by timeli-
ness. For instance, it is likely that we would not use data
from CLAES, whose lifetime was only 2.5 years, if its mis-
sion had taken place in the quiescent late 1990s instead of the
crucial 1991 to 1993 period. Figure 1 summarizes significant
space-based stratospheric aerosol observations and their sta-
tus within GloSSAC.

In the following, we describe the basic construction of
GloSSAC highlighting changes relative to previous versions.
First, we describe the data set’s construction in three pri-
mary periods. The core period consists almost exclusively

of data from SAGE II (1984 to 2005) while an earlier period
(the pre-SAGE II period) spans 1979 into 1984 rests upon
SAGE I (1979 to 1981) and a diverse collection of ground
and airborne observations. A third period consists of obser-
vations from OSIRIS and CALIPSO and spans from the end
of the SAGE II mission in 2005 through 2016. Following
the description of GloSSAC construction for these periods,
we describe the filling processes that produce a gap-free data
set for 1979 through 2016. This includes a basic interpola-
tion process that is mostly relevant to the two SAGE peri-
ods, a new process for estimating grid values in high-latitude
winter (SAGE periods), the production of the data set in the
“SAGE-gap” period from late 1981 to late 1984, and gaps in
the SAGE II data set between the Pinatubo eruption and mid-
1993. The later gaps are due to the extreme opacity of the
stratosphere following that event. Instrument use in time and
latitude is shown in Table 1. We discuss the process for in-
ferring aerosol extinction at 525 and 1020 nm from CLAES,
HALOE, OSIRIS, and CALIPSO. We will describe the ex-
tensive effort to quality check the data set to remove data
artifacts and the known limitations to the data set. Finally,
we discuss the contents of the data set as archived and future
plans.
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Table 1. All instruments whose data are used in various GloSSAC eras as a function of latitude.

Instrument Latitude Period Era

SAGE all latitudes 1979–1981 The SAGE period
SAM II 40–80◦ N, 10–80◦ S 1982–1984 The SAGE gap period
NASA Airborne Lidar 25◦ N–25◦ S 1982–1984 The SAGE gap period
NASA 48-inch lidar 10–65◦ N 1982–1984 The SAGE gap period
SAGE II all latitudes 1984–2005 SAGE II era
HALOE all latitudes 1991–1993 SAGE II era
CLAES all latitudes 1991–1993 SAGE II era
CALIPSO all latitudes 2006–present OSIRIS/CALIPSO period
OSIRIS all latitudes 2005–present OSIRIS/CALIPSO period

Figure 2. Distribution of SAGE II observations throughout its life-
time with one dot per event. From October 1985 to July 2000, there
are about 10 000 events per year. Due to an instrument fault, there
are no events from August to October 2000 and the instrument op-
erates on a half duty cycle (a mix of sunrise and sunset events) until
the end of its mission in August 2005.

2 The SAGE II period (October 1984 to August 2005)

2.1 The “no fill” data set

The GloSSAC data set is a zonal data set in 5◦ latitude span-
ning 80◦ S to 80◦ N pseudo-month (1/12 year) bins. The
monthly period roughly spans the period for space-based
solar occultation instruments such as SAGE and SAGE II
to span the limits of their latitudinal coverage. Depend-
ing on season, details of the orbit, and observation re-
quirements, this whole class of instruments provide data
from equatorward of roughly 60◦ and require roughly a
month to cover this latitude range. Similar instruments in
sun-synchronous orbits, which have fixed equatorial cross
times (generally preferred for nadir-viewing instruments),
make measurements primarily poleward of 60◦ in both hemi-
spheres. SAM II and POAM III are examples of instruments
in this type of orbit. Figure 2 shows the measurement loca-
tions for SAGE II, the primary source of data between 1984

and 2005 that demonstrates the seasonal location of observa-
tions. From this figure, it is clear that no observations occur
in the winter hemisphere poleward of 50◦ and observations
at low latitudes have a much lower frequency of occurrence
than measurements in midlatitudes. Given the space-based
measurement latitude sampling, there really is not a “natu-
ral” latitude resolution on which to produce the data product
grid. If there was an attempt to produce one, it would likely
be finer in midlatitudes and broader in high- and low lati-
tudes. A variable grid while perhaps more in-line with the
observations is not a desirable format for any end-user of the
data set and as such, we use a fixed grid resolution of 5◦

throughout the data set. It would be difficult to produce the
analysis on a shorter timescale without relying almost solely
on additional interpolation. However, it is possible that dur-
ing the CALIPSO/OSIRIS era, a period significantly shorter
than a month could be used, but at this point, for continuity’s
sake, the entire data set is produced in monthly bins.

The initial step in producing GloSSAC is to produce grid-
ded data sets for SAGE II at its four wavelengths (386, 453,
525, and 1020 nm) and HALOE and CLAES aerosol mea-
surements at selected wavelengths. We assign each bin a flag
that indicates its source and preserve both the number of data
points used and the number identified as containing cloud.
We show the complete set of flag values in Appendix B.
The data are reported on a 0.5 km vertical grid from 5.0
to 39.5 km. This is the native SAGE II reporting resolution
though its true vertical resolution is ∼ 1.0 km (Damadeo et
al., 2013). This initial step in the GloSSAC development is
shown in Fig. 3a for the 1020 nm extinction. Most other in-
struments used in this data set have a lower native vertical
resolution and are interpolated to this grid. An exception is
the CALIPSO backscatter coefficient data that have a vertical
resolution of approximately 180 m in the lower stratosphere.
However, as will be discussed later, the high measurement
noise in this data set precludes reporting data at such a fine
resolution. In general, differences in vertical resolution are
only important in a few situations. Near the tropopause, the
presence of clouds is sometimes inferred in the lower tropical
stratosphere by instruments with coarse vertical resolution
such as CLAES, HALOE, and OSIRIS (1.5–2.5 km) when
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Figure 3. Steps involved in the creation of the GloSSAC 1020 nm aerosol extinction coefficient climatology at 21 km: (a) 1984–2005 with
SAGE II only, no interpolation; (b) with SAGE II, CLAES, HALOE, and ground based-lidar, no interpolation; (c) with interpolation; (d) with
high-latitude reconstruction; (e) 1979–2005 with the pre-SAGE II era data from SAGE, SAM II, airborne and ground-based lidar; (f) 1979–
2016 adding only OSIRIS; (g) 1979–2016 adding only CALIPSO; and (h) 1979–2016 adding both OSIRIS and CALIPSO and producing
the final product. The plotting software tends to exaggerate white space in the plots particularly in (a) and (b).

the clouds are most likely tropospheric. There is also, gener-
ally, a strong gradient in aerosol extinction across the tropi-
cal tropopause (relatively low in the troposphere and higher
in the stratosphere) that may be smeared out somewhat by
a larger vertical resolution. Finally, strong vertical gradients
are common in the aftermath of a volcanic injection of mate-
rial into the stratosphere as the initial plume can be strongly
stratified (Winker and Osborn, 1992). Broad vertical reso-
lution tends to smear these edges out. Mixing data from in-

struments with different vertical resolutions during a strongly
post-volcanic period can create some anomalous inferences
regarding aerosol properties across edges of volcanic clouds
by treating volcanic and non-volcanic observations as coin-
cident observations. The most prominent period when this is
a concern is the post Pinatubo period when SAGE II (∼ 1 km
vertical resolution), CLAES, and HALOE (both with∼ 2 km
vertical resolution) are available. As a result, it is possible to
have a variable degree in which the instruments capture an
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optically thick discrete layer. The presence of strong vertical
gradients in an inference of aerosol size distribution or other
parameter can be compromised and yield unpredictable and
nonphysical results when using data with different vertical
resolutions. Since we provide data from complete and often
overlapping fields for these instruments, users need to exer-
cise caution when using the data set in this period.

For a given latitude/month bin, we collect all aerosol ex-
tinction coefficient profiles within 5◦ of the latitude of the
center of the bin (bins overlap by 2.5◦ with latitude bins to
the north and south). In order to report a value, we require a
minimum of five valid data points and that at least 50 % of
the available profiles in that time/latitude are available at that
altitude, otherwise the bin is marked as missing. We report
the median value of valid points at each grid location. The
monthly/latitude profile is continuous from 40 km down to at
least the tropopause and often several kilometers below that
level.

The processes that terminate SAGE II profiles control the
lower extent of data and these vary among the four measure-
ment wavelengths. Individual profiles are terminated by ei-
ther high molecular extinction (at shorter wavelengths), opti-
cally dense clouds (all wavelengths), encountering the solid
Earth (usually just for 1020 nm extinction profiles), and, dur-
ing Pinatubo, very high aerosol extinction levels (all). We
also exclude any observations in which we infer the pres-
ence of non-opaque clouds. We identify these clouds using
the method described by Thomason and Vernier (2013) (a
revision of an algorithm developed by Kent et al., 2003) and
exclude those points from the analysis. We infer cloud pres-
ence almost exclusively in the troposphere; however, we oc-
casionally infer the presence of clouds in the lower tropi-
cal stratosphere. In addition, we are able to detect and ex-
clude ice polar stratospheric clouds (PSCs) but it is likely
that saturated ternary solution (STS) and nitric acid trihy-
drate (NAT) PSCs slip by the cloud identification process.
This occurs because the methodology relies on the dominat-
ing presence of “large” aerosol particles that are mostly lack-
ing for these types of PSCs. Away from Pinatubo, 525 and
1020 nm extinction coefficients are available throughout the
stratosphere. Profiles at 453 and 386 nm are available down
to about 12 and 16 km, respectively. It should be noted that
the aerosol data at 386 nm are biased low below 20 km and
above the main aerosol layer and are at best of limited qual-
ity under all conditions and altitudes. Following Thomason
et al. (2010), while the data are included in the data set, we
recommend caution using SAGE II 386 nm data. Finally, we
exclude any data below the highest altitude at which 1020 nm
aerosol extinction coefficient exceeds 0.01 km−1 because of
potential artifacts in SAGE II data at altitudes where the at-
mosphere is essentially opaque.

Both CLAES and HALOE flew aboard the Upper Atmo-
sphere Research Satellite (UARS) and all UARS data are re-
ported at pressure levels rather than altitude like SAGE II.
Median-based extinction profiles on the native pressure

grid are derived following rules similar to those used with
SAGE II (profiles are terminated at the bottom if less than
5 data points are available or less than 50 % of the avail-
able profiles in that time/latitude are available at that alti-
tude). We interpolate the profiles to the standard altitude grid
using altitude-log pressure from the Modern-Era Retrospec-
tive Analysis for Research and Applications (MERRA; Rie-
necker et al., 2011) data that is used in SAGE II data pro-
cessing. CLAES (October 1991 to April 1993) aerosol ex-
tinction data are used at 1257 cm−1 (7.8 µm) and 780 cm−1

(12.8 µm). While the information content from an aerosol
perspective is essentially identical for these two channels, the
wavelength dependence changes between sulfate aerosol and
ice clouds and so changes in this ratio are used to identify
measurements that are influenced by ice clouds and those
measurements are excluded from further analysis. CLAES
extinction coefficient data, while well behaved, have a bias
between the channels and compared to other measurements
(Massie et al., 1996), and it is difficult to determine based on
physical arguments where the cut off between sulfate aerosol
and ice clouds should occur. As a result, we use an empiri-
cal outlier approach in which the presence of cloud is iden-
tified when aerosol extinction at 1257 cm−1 is greater than
10−3 km−1 and the 780 to 1257 cm−1 extinction coefficient
ratio is significantly larger than generally observed bounds
as shown in Fig. 4. The points identified in this manner uni-
formly lie in the upper troposphere/lower stratosphere most
often at lower latitudes and suggest influence by tropospheric
clouds. When applied, this process removes what appear to
be cloud artifacts without appreciably affecting the remain-
der of the analysis.

We use HALOE (October 1991 to 2005) data at 3.40 µm
following the findings of Thomason (2012) and correct for
NO2 absorption following the recommendations in that pa-
per. This is based on the idea that sulfate aerosol extinction
at 3.40 and 3.46 µm should be essentially identical (< 1 %
differences). However, we observed particularly at low ex-
tinction that the extinction at 3.40 µm is usually greater than
that at 3.46 µm. This difference correlates well with NO2
for which the 3.40 mm aerosol extinction coefficient product
is not corrected in routine HALOE processing. Nominally,
the aerosol at 3.46 µm is useful as reported above 20 km but
not below that altitude, whereas 3.40 µm data are useful to
the tropopause except for the NO2 artifact. To correct the
3.40 µm aerosol data, we use an empirical relationship be-
tween HALOE observations of NO2 and the difference be-
tween 3.40 and 3.46 µm aerosol extinction coefficient values
where all three values are available and considered robust.
This difference is applied to the 3.40 µm data wherever it
and the HALOE NO2 molecular number density are available
(generally down to about 15 km). The existence of HALOE
NO2 observations is the limiting factor determining the low-
est altitude for which HALOE aerosol data are usable. Only
the corrected 3.40 µm aerosol extinction coefficient data are
archived as a part of the data set. Figure 5 shows the relation-
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Figure 4. The distribution of CLAES 780 to 1257 cm−1 aerosol
extinction coefficient measurements as a function of 1257 cm−1

aerosol extinction coefficient. Areas about and to the right of the
blue lines almost exclusively occur in the lower stratosphere and
appear to be associated with the presence of clouds. These points
are excluded from further analysis.

ship derived for the NO2 correction; the aerosol extinction
coefficient correction can be as much as 10 %. There is no
cloud clearing necessary for the HALOE data set since the
corrected data are not available near or below the tropopause
nor are they used within the winter polar vortex that would
require clearing of PSCs.

2.2 Filling gaps in the SAGE II data set: alternative data
sets

One of the goals of GloSSAC is to have a continuous
“gap-free” data set for 1979 through 2016 at both 525 and
1020 nm. The former is comparable to other long-term data
sets like the GISS stratospheric aerosol optical depth record,
while the latter is the most robust aerosol measurement avail-
able from the SAM/SAGE series and available wavelength
for most of the “SAGE” era from 1979 to 2005. However,
there are important gaps in the lower stratosphere from the
eruption of Pinatubo in June 1991 well into 1993. In ad-
dition, a number of SAGE II profiles are compromised by
short duration events. These events mostly occur in 1993 and
are primarily sunrise events where measurement-taking was
terminated before sufficient exoatmospheric data were taken
for robust normalization to transmission. The events were
temporarily shortened during a period in which the space-
craft batteries were rapidly degrading. Event durations were
returned to their normal length in early 1994. As a result,
complete 525 and 1020 nm records require the use of non-
SAGE II data during this period.
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Figure 5. All HALOE NO2 between 20 and 30 km plotted against
the corresponding difference between HALOE aerosol extinction
coefficient measured at 3.40 and 3.46 µm.

Following the general GloSSAC data use paradigm, while
other data sets are available, CLAES and HALOE are shown
below to be reasonably well-behaved and sufficient for the
filling process. CLAES and HALOE data offer similar near-
global coverage through most of this period (October 1991
and onwards) if the data can be transferred from the mea-
surement wavelengths to SAGE II wavelengths in a robust
manner. Figures 6 and 7 show the observed relationship
between SAGE II extinction coefficient measurements and
CLAES at 1257 cm−1 and the corrected HALOE data at
3.40 µm. In general, CLAES data are well correlated with
SAGE II measurements. HALOE measurements are not as
well correlated and, as a result, only used where neither
SAGE II nor CLAES data are available. On the one hand,
Thomason (2012) showed that HALOE and SAGE II during
high to moderately volcanic periods generally follow expec-
tations for sulfate aerosol distributed in submicron aerosol
size ranges. On the other hand, Massie et al. (1995) argued
that CLAES and SAGE II are biased relative to expectations
by a factor of approximately 2 since it is difficult to imag-
ine a sensible aerosol size distribution and composition that
would produce the observed relationship. As a result, given
the desire to avoid discontinuities within the data set, we use
an empirical relationship between SAGE II at 1020 nm and
both HALOE (corrected 3.40 µm) and CLAES (1257 cm−1)
aerosol data to produce aerosol extinction at 1020 nm. We
also produce a corresponding value of 525 nm aerosol ex-
tinction coefficient using the relationship observed between
SAGE II at 1020 and 525 nm. We show the 525 to 1020 nm
extinction coefficient relationship in Fig. 8. There are issues
with the use of this relationship outside the SAGE II period
that we discuss in detail below. The empirically derived data
are placed in the 1020 and 525 nm aerosol extinction coeffi-
cient grid only where SAGE II data are missing because of

www.earth-syst-sci-data.net/10/469/2018/ Earth Syst. Sci. Data, 10, 469–492, 2018



476 L. W. Thomason et al.: Aerosol climatology: 1979–2016

10-6 10-5 10-4 10-3 10-2 10-1

1020 nm aerosol extinction coefficient (km )-1

10-6

10-5

10-4

10-3

10-2

10-1

 1
25

7 
cm

 a
er

os
ol

 e
xt

in
ct

io
n 

co
ef

fic
ie

nt
 (k

m
)

-1
-1

Figure 6. Relationship between the gridded and cloud-cleared
CLAES 1257 cm−1 aerosol extinction coefficient versus SAGE II
gridded and cloud-cleared 1020 nm aerosol extinction coefficient.
The solid line shows the conversion relationship used for convert-
ing CLAES to SAGE II 1020 nm extinction coefficient.

Figure 7. Relationship between corrected HALOE 3.40 µm aerosol
extinction coefficient and the observed gridded and cloud-cleared
SAGE II observations at 1020 nm. The solid line is the empirical
conversion used to infer 1020 nm aerosol extinction coefficient from
HALOE observations at 3.40 µm.

a lack of measurements at a given latitude or the result of
the loss of data due to the opacity of the Pinatubo volcanic
aerosol layer. Since HALOE data are most robust at higher
aerosol levels, we use them only between the start of its mis-
sion in October 1991 and the end of 1993 and only to fill
altitudes in the lower stratosphere where both SAGE II and
CLAES data are missing.

The summer of 1991 presents special problems for the re-
construction while at the same time being a crucial period for
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Figure 8. Observed relationship between gridded and cloud-cleared
SAGE II observations (below 30 km) as a function of SAGE II
1020 nm observations. The blue line is the conversion relationship
used for 1020–525 aerosol extinction conversion throughout GloS-
SAC development.

the evaluation of the performance of chemistry-climate mod-
els. SAGE II data are missing at altitudes as high as 25 km
after the eruption and UARS data are only available starting
in October. An additional issue for this period is that there
are no SAGE II observations (and no truly tropical data at
all) in June 1991. In previous versions, SAGE II data were
interpolated between May and July 1991 producing values
with no observational basis in this month. For GloSSAC, we
have replicated the missing data between 20◦ S and 20◦ N
using data only from May 1991 so that only minor enhance-
ments from the Pinatubo eruption appear in June 1991 and
only poleward of 20◦ N. The massive enhancements in tropi-
cal aerosol levels do not appear in the GloSSAC data set until
July 1991. For those who wish an enhancement at the time
of the eruption, averaging GloSSAC for May 1991 and July
1991 data will produce a June 1991 analysis similar to that
provided in early data sets. Another solution for users is to
use GloSSAC data for May 1991 for May and June through
the 14th and use data for July 1991 from 15 June (the date of
the largest eruption) through July. Neither approach yields a
fully satisfactory representation of the complexity of the ini-
tial volcanic aerosol distribution observed immediately after
the eruption.

For July to September 1991, we make use of the tropi-
cal reconstruction created for the ASAP analysis, which is
a combination of data from the lidar station operated by the
Centro Meteorológico de Camagüey in Cuba (23◦ N) lidar
data set (Antuña, 1996) and the NOAA ESRL lidar at Mauna
Loa (19◦ N; Barnes and Hofmann, 1997). It is likely that nei-
ther station’s data are representative of the equatorial aerosol
levels following the Pinatubo eruption and are more likely to
be too small than too large. Therefore, rather than averaging
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Figure 9. Component contributors to GloSSAC or previous versions all shown in aerosol extinction coefficient at 1020 nm. They include:
(a) the ASAP-based Camaguey–Mauna Loa “tropical” construction, (b) NASA LaRC 48-inch lidar record, (c) NIWA Lauder backscat-
ter sonde Pinatubo record, (d) SAM II Southern Hemisphere, (e) SAM II Northern Hemisphere, and (f) the ASAP-derived airborne li-
dar/SAGE/SAGE II tropical reconstruction for 1982 to 1984.

the two time histories, we used the maximum value observed
during the month with the hope of reproducing the tropical
enhancement using data from two subtropical sites. The re-
construction is shown in Fig. 9a. In ASAP Fig. 4.32, the re-
construction is shown to do a reasonable job of reproducing
the SAGE II-observed tropical data in that summer (mostly
above 23 km) and onwards, but it should be recognized that
the potential for substantial error exists during this period.
For the summer of 1991, we use SAGE II where it is available

in the tropics (following standard gridding rules) and we use
the ASAP lidar reconstruction where it is not. We weigh the
lidar values in August (0.33/0.67) and September (0.67/0.33)
with the CLAES/SAGE II October values to smooth across
an otherwise discontinuous step. Users of GloSSAC should
recognize that no monthly gridded product can do justice to
the complexity of the initial development of the Pinatubo
aerosol cloud. The cloud was highly stratified and spatially
inhomogeneous throughout the summer of 1991. An airborne
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Figure 10. Aerosol backscatter ratio from the July 1991 airborne
lidar mission aboard the NASA DC-8. Contours are at 1.2 (dark
blue), 1.4, 1.7, 2, 4, 8, 16, 32, 64 (orange) with a highest observed
value at 82 (yellow). Above 17 km, all of the contours are associated
with relatively fresh Pinatubo aerosol.

mission aboard the NASA DC-8 in mid-July 1991 included
a lidar system that captured a view of this inhomogeneity. In
Fig. 10, lidar backscatter ratio data from 12 July shows the
aerosol cloud along a transit through the Caribbean that has
multiple optically dense layers with backscatter ratios up to
80. For comparison, prior to the eruption the entire strato-
sphere had aerosol ratios less the 1.2, the smallest contour
level on this plot.

With the addition of CLAES observations, midlatitudes no
longer need patching by non-space-based data sources as in
previous versions since there is little or no loss of data in
mid- and high latitudes between the eruption of Pinatubo
and the start of the CLAES mission. In previous versions,
the primary method to fill missing data in the mid- and high-
latitude lower stratosphere between June 1991 and mid-1993
were data from the NASA Langley 48-inch lidar facility (Os-
born et al., 1995) and data from the University of Wyoming
backscatter sonde (Rosen and Kjome, 1991; Rosen et al.,
1997) deployed from the NIWA Lauder (New Zealand) fa-
cility. We show these data sets in Fig. 9b and c. Recently,
we have recovered and archived data from NASA Lang-
ley airborne missions in July 1991 and May 1992 at the
NASA Atmospheric Sciences Data Center,2 which may pro-
vide corroborative data to future versions. The addition of the
CLAES, HALOE, and lidar data sets to the GloSSAC analy-
sis is shown in Fig. 3b.

2.3 Filling the gaps: interpolation

At this point, there are still substantial gaps throughout the
data set, mostly because of the spatial sampling pattern of a

2https://eosweb.larc.nasa.gov/project/nasa_airborne_lidar_
flights/nasa_airborne_lidar_flights_table

mid-inclination solar occultation instrument. Gaps are filled
using linear interpolation in time but not in altitude or lati-
tude. While we could interpolate and completely fill the grid,
in practice, interpolation is limited to gaps of no more than
2 consecutive months. This works well in mid- and low lati-
tudes except in late 2000 where SAGE II was off for several
months due to an instrument error. In this case alone, interpo-
lation is permitted to 4 months since it is a relatively benign
period and there are few data available to provide alternative
guidance. We do not believe that this seriously compromises
the analysis. The most significant issue in this period is a
poor depiction of the Antarctic polar vortex in austral spring,
where it is effectively missing entirely. With the allowable
degree of interpolation, the GloSSAC 1020 nm grid at 21 km
is now filled except at high latitudes in winter as shown in
Fig. 3c.

2.4 Filling the gaps: high latitudes

At high latitudes, the 2-month requirement leaves substantial
gaps in the winter hemisphere at latitudes as low as 60◦. In
the past (ASAP, CCMI), the temporal window was simply
expanded and interpolations across gaps as large as 6 months
were permitted. However, the winter poles are generally low
(relative to midlatitudes) in aerosol (in the absence of PSCs)
due to their isolation from midlatitudes and the diabatic sub-
sidence within the polar vortex (Kent et al., 1985). As a
result, the polar vortex, particularly in the Northern Hemi-
sphere where SAGE II sampling is strongly affected by tem-
poral/spatial sampling, is poorly represented in these earlier
data sets. For GloSSAC, we have developed an alternative
approach based on the observation that while there are large
gaps in the analysis in latitude space, it is almost completely
filled in equivalent latitude space thanks in part to the merid-
ional asymmetry in the polar vortex commonly observed in
both hemispheres as shown by Manney et al. (2007) and ref-
erences therein. Figure 11a shows the aerosol extinction co-
efficient at 1020 nm and 21 km for the SAGE II lifetime as
a function of time and latitude.3 We reconstruct the aerosol
fields where data are missing in latitude space from those in
equivalent latitude using the relationship

kλ (θ,z, t)=
∑N

n=1
kλ
(
θeq,z, t

)
p(θeqn |θ ) ,

where kλ is extinction coefficient at wavelength λ at lat-
itude/equivalent latitude θ or θeq at altitude z and time
(month) t . The function p is the distribution of equivalent
latitude in bins “n” at a given latitude. Using this approach,
we can estimate extinction at latitudes not directly observed
by SAGE II. The approach is analogous to the potential vor-
ticity reconstruction process introduced by (Schoeberl et al.,
1989; Manney et al., 1999, 2001, 2007; Randall et al., 2005),

3Equivalent latitude is tied to all SAGE II events using MERRA
data and available to all users of that data set (Manney et al., 2007).
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Figure 11. GloSSAC analysis prior to using the equivalent latitude
filling process (a) and afterwards (b). (c) Shows the use of brute
temporal interpolation to fill high latitudes.

though in this case we are only interested in reconstructing
the zonal mean. It assumes that the distribution of aerosol ex-
tinction coefficient at all levels is correlated with equivalent
latitude. Averaging by latitude tends to smear out the vortex
boundary compared to an equivalent latitude analysis (Man-
ney et al., 1999, 2001) and thus increase the zonal standard
deviation of the aerosol extinction coefficients. In practice,
we find that the zonal variance in equivalent latitude space
is about equal to or somewhat less than that observed in lati-
tude space. This is particularly true near the vortex boundary
where the reduction in zonal standard deviation is as much
as one-third. The function p is derived from MERRA anal-
yses for 2000 through 2010. An example of these distribu-
tions is shown in Fig. 12. Figure 11b (and Fig. 3d) shows

-90 -70 -50 -30

0.06
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0.02

0

Equivalent latitude

p(
θ eq

|θ
)

70o  S, 21 km

Figure 12. Distribution of equivalent latitude (per degree) for Au-
gust at 70◦ S and 21 km based on a 10-year average of MERRA
observations for 2001 to 2010.

an example of the reconstructed latitude analysis (20 km),
while Fig. 11c shows the “brute force” interpolation across
the wintertime gap (consistent with the analysis provided to
CMIP5/CCMI). It is clear that the clean polar vortex is cap-
tured far more clearly, particularly in the Northern Hemi-
sphere, in the reconstructed data. Considering that the scale
of the vortex/extravortex differences, particularly in volcanic
periods, can be as large as a factor of 10, the new approach
of filling high latitudes is a vast improvement relative to pre-
vious versions.

3 Pre-SAGE II period (January 1979 to September
1984)

3.1 The SAGE period (January 1979 to November
1981)

During the SAGE lifetime (January 1979 to November
1981), the 1000 nm aerosol extinction coefficient measure-
ments form the basis of the overall analysis. We did not use
the SAGE 450 nm measurements in this analysis since they
are poor quality and not usable at all below 20 km (Thomason
et al., 1997a). The SAGE data are supplemented by 1000 nm
extinction measurements by the Stratospheric Aerosol Mea-
surement (SAM II; 1978–1993), which provide data only at
high latitudes (> 60◦). This data set enabled some of the ear-
liest observations of PSC and a PSC climatology that remains
valuable (Poole and Pitts, 1994). We do not use SAM II dur-
ing the SAGE II period because comparisons with SAGE II
suggest that SAM II is biased low by as much as 30 %. How-
ever, with the dearth of data in the 1979 to 1984 period, we
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had essentially no choice but to use these data. We have used
only SAM II data that we identified as occurring outside the
polar vortices similar to the procedure used by Bevilacqua et
al. (1997). Unfortunately, this precludes capturing the clean
wintertime vortex throughout this period. We made this deci-
sion since we were unable to adequately clear PSCs from the
SAM II data and, rather than a clean vortex, a substantial en-
hancement in the winter hemisphere would result. The SAGE
team expects to produce a new version of SAM II data in the
near future and we will then reconsider the role of SAM II in
future versions of GloSSAC. We create the data record up to
the end of the SAGE mission in November 1981 using SAGE
and SAM II 1000 nm data and the sampling and interpolation
method described for the SAGE II period with no additional
steps. Throughout the pre-SAGE period, we produce the data
at 1020 nm and then infer the magnitude at 525 nm using the
relationship from SAGE II shown in Fig. 8.

3.2 The SAGE gap period (December 1981 to
September 1984)

The SAGE “gap” period from December 1981 to Septem-
ber 1984 is of critical interest since it encompasses the El
Chichón eruption (March/April 1982). However, with very
limited space-based measurements available4 and rather lim-
ited data of any sort, the analysis for the period from Decem-
ber 1981 to September 1984 is challenging. While additional
data sets are available in this period, we follow the GloS-
SAC data use paradigm to use a few long-lived data sets and
those with a unique spatial context such as the tropics. We
follow the method described in ASAP (2006) with only mi-
nor changes to the process. To reconstruct the aerosol fields
in this period, we have used the last full month of SAGE
data (November 1981) for December through March 1982,
which effectively preserves a fairly clean stratosphere up to
the El Chichón eruption which occurred in late March. Be-
ginning in April 1982 until the beginning of SAGE II obser-
vations in 1984, we used a composite of data consisting of
SAM II, the NASA Langley 48-inch lidar system, lidar data
from the NASA Langley Airborne Lidar System, and the Oc-
tober 1984 SAGE II data at 1020 nm to produce the monthly
grids. This uses nearly all available long-term data sets avail-
able during this period.

In the Northern Hemisphere, the 1000 nm extinction
record is filled with SAM II (shown in Fig. 9d and e) between
80 and 65◦ N. From 65 to 40◦ N, we have used a linear inter-
polation in latitude of the logarithm of extinction between the
SAM II data and 1000 nm aerosol extinction derived from the

4There is the potential for very valuable aerosol data for the
El Chichón period from the Solar Mesospheric Explorer (October
1981 to April 1989; e.g., Eparvier et al., 1994). However, the current
(non-released) aerosol product has a significant seasonal/latitudinal
bias due to issues related to a very difficult accommodation for
viewing geometry. Perhaps future efforts will yield a useful prod-
uct from this instrument.

NASA Langley 48-inch lidar system. From 40 to 25◦ N, the
lidar 1000 nm data are used (shown in Fig. 9b). The lidar,
in this period, operated at 694 nm (ruby) and measurements
are converted to 1020 nm extinction using a value for extinc-
tion to backscatter ratio of 30 sr. This value gives reasonable
agreement with SAM II extinction measurements (see below)
and lies within reasonably accepted bounds for this value
(Thomason and Osborn, 1992; Jager and Hofmann, 1991).
Latitude bins between 25 and 80◦ S are filled using South-
ern Hemisphere SAM II data shifted in altitude as a function
of latitude following zonally averaged potential temperature
surfaces. We report data throughout the pre-SAGE II period
down to the altitude bin containing a climatological mean
tropopause height derived from MERRA data in the SAGE II
era (this data set is contained in GloSSAC) and flaged as
missing all data below this level.

At low latitudes and southern midlatitudes, virtually no
data are available except from airborne lidar missions con-
ducted by NASA between 1982 and 1984. Five airborne lidar
missions were flown in July 1982 (13 to 40◦ N), October–
November 1982 (45◦ S to 44◦ N), January–February 1983
(28 to 80◦ N), May 1983 (59◦ S to 70◦ N), and January 1984
(40 to 68◦ N).5 These data are also made at 694 nm and con-
verted to 1020 nm extinction coefficient using an extinction
to backscatter ratio of 30 sr. For April through July, the south-
ernmost (13◦ N) airborne lidar profile from July 1982 is used.
Following that period, we use a linear interpolation in time of
the logarithm of 1000 nm aerosol extinction estimated from
lidar profiles in July 1982, October 1982, May 1983, and
the SAGE II tropical data in October 1984. The reconstruc-
tion is shown in Fig. 9f. We use the tropical reconstruction
10◦ S and 10◦ N and then interpolate with the mid-latitude
data (SAM II in the south and 48-inch lidar in the north) be-
tween 10 and 25◦ in both hemispheres. Latitude bands where
we employ the various data sets are set based upon where
we believe, based on experience, they are most applicable.
However, it is clear that this part of the construction is data
sparse and we are compelled to use the available data in ways
we would not in more data-rich periods. It is likely that un-
exploited sources of data exist and further study and perhaps
historical data recovery efforts in this period would be worth-
while.

4 OSIRIS/CALIPSO period (September 2005 to
December 2014)

After the end of the SAGE II mission in August 2005, the
stratospheric aerosol extinction coefficient climatology be-
comes solely dependent on aerosol measured by OSIRIS and
CALIPSO. This represents not only a change in instrument
but also the way in which aerosol is measured. OSIRIS mea-
sures limb scatter radiance from which aerosol extinction

5https://eosweb.larc.nasa.gov/project/nasa_airborne_lidar_
flights/nasa_airborne_lidar_flights_table
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coefficients at 750 nm (and other parameters) are inferred.
CALIOP is the CALIPSO platform’s nadir-viewing lidar that
produces a stratospheric backscatter aerosol coefficient prod-
uct primarily at 532 nm. While these changes represent some
challenges to the continuity of the overall climatology, they
both produce near-global coverage on a daily basis. Though
we have not exploited the potential for higher temporal reso-
lution for GloSSAC v1.0, we are considering how to exploit
the higher temporal resolution data for future versions.

4.1 OSIRIS

For GloSSAC, we used the OSIRIS aerosol extinction cli-
matology as produced in (Rieger et al., 2015). This clima-
tology provides monthly latitude- and altitude-resolved ex-
tinction converted to 525 nm and bias corrected to SAGE II.
Although this climatology removes much of the bias between
the two instruments, the methods used in Rieger et al. (2015)
are slightly different than those used to create the SAGE II
climatologies in this paper. For instance, the latitude bins
are 5◦ wide rather than 10◦; therefore, the OSIRIS extinction
data require some amount of further correction as described
below. In future versions, we will adopt a more consistent
approach to construction of the underlying climatologies.

4.2 CALIPSO

The primary issues associated with the use of backscatter
data from CALIPSO are measurement calibration and noise.
The noise can be reduced by averaging millions of profiles to
obtain zonally averaged data in the stratosphere on a monthly
basis. Rogers et al. (2011) showed that aircraft high spec-
tral resolution lidar measurements and CALIOP data agreed
within 2.7 %± 2.1 % at midlatitudes. However, comparison
between in situ balloon-borne backscatter data and CALIOP
in the tropics suggest that the normalization level where
purely molecular signal is assumed should be moved from
30–34 to 36–39 km (Vernier et al., 2009). For GloSSAC, we
use CALIOP version 4 level 1 data where, unlike earlier ver-
sions, the backscatter signal is calibrated at the higher alti-
tude range. We anticipate that the residual calibration error
from aerosol presence at those altitudes to be about 2 %. Due
to the details of the calibration process, we expect that the to-
tal relative error on the CALIOP scattering ratio to be around
5 % (between 50◦ S and 50◦ N). In order to derive extinc-
tion profiles from CALIOP backscatter data, a lidar ratio for
stratospheric aerosol needs to be assumed. This ratio can vary
between 30 and 60 sr in the stratosphere (Jäger et al., 1995)
and represents the major source of uncertainty when convert-
ing backscatter into extinction. On a profile-by-profile basis,
CALIPSO data are substantially noisier than any other data
set used in GloSSAC. However, we find that the reduction
from the 1 km horizontal resolution and 60 m vertical resolu-
tion to the GloSSAC resolution generally produces data with
a roughly comparable level of noise as the other data sets.

We initially calculate mean total attenuated backscatter at
532 nm every 1◦ along each CALIPSO orbit track and correct
for attenuation by ozone absorption and molecular scattering
using data from the Goddard Earth Observing System Model
Version 5. The presence of cloud is inferred whenever at least
3 of 5 consecutive data points in a profile have depolarization
ratio values greater than 5 % below 20 km. All data at and be-
low the detection of clouds is excluded (“cleared”) from fur-
ther consideration. We eliminate data below clouds due to un-
corrected cloud attenuation effects on the reported backscat-
ter data. In polar winters, some enhancement of backscatter is
nearly ubiquitous in much of the polar vortex due to the take
up of nitric acid into the sulfate aerosol (e.g., STS). To main-
tain the data set as close to a purely aerosol characterization
as possible, we eliminate all CALIPSO observations when
the observed temperature is less than the NAT formation tem-
perature plus 2 K. Following these steps, we further reduce
the cloud-cleared data to the GloSSAC monthly 0.5 km by
5◦ of latitude resolution.

4.3 Incorporating OSIRIS and CALIPSO into GloSSAC

We are fortunate to have roughly 4 years of overlap in the
data from OSIRIS and SAGE II. This period is critical for
understanding not only how OSIRIS and CALIPSO interre-
late but also to use OSIRIS to infer indirectly how SAGE II
relates to CALIPSO. Since clouds in the upper troposphere
may have a deleterious impact on the measurement of aerosol
extinction in the lower stratosphere (characteristic of limb
measurements in general), we exclude all OSIRIS data in the
lowest 2 km of the stratosphere. For the overlap period, we
show, in Fig. 13a, the relationship between OSIRIS inferred
525 nm aerosol extinction coefficient and SAGE II measure-
ments at that wavelength. Overall, the comparison is favor-
able; SAGE II and OSIRIS are well correlated with OSIRIS
tending to be 10 to 20 % less than SAGE II (median 0.88) in a
period that has the lowest aerosol loading observed between
1979 and 2016. If we use OSIRIS “as is” or scaled by the
median ratio value between OSIRIS and SAGE II data sets,
we observe a discontinuity at the August 2005 (SAGE II) and
September 2005 (OSIRIS) boundaries. While in retrospect it
may not have been the most satisfactory solution, we scaled
OSIRIS to minimize an obvious discontinuity using a fac-
tor of 0.8. The switch from SAGE II to OSIRIS occurs a few
months following the eruption of Manam (January 2005) that
effectively signaled the end of the volcanically quiescent pe-
riod that began in the late 1990s. The degree to which this
event creates the discontinuity is not clear and further work
on melding the SAGE II and OSIRIS records is necessary.
Since OSIRIS is the only source of space-based observations
between September 2005 and April 2006 we use it alone
through this period. Some interpolation at mid- and high lati-
tudes is required and we follow the interpolation method used
for SAGE II observations to fill these gaps. In addition, the
2 km exclusion in the lower stratosphere leaves gaps that are
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Figure 13. (a) Scatter plots of observations that show the SAGE II to OSIRIS 525 nm aerosol extinction coefficient ratio where both exist in
the GloSSAC data set. The average value is about 0.88. (b) Scatter plots of observations that show the CALIPSO 532 nm aerosol backscatter
coefficient to the scaled OSIRIS 525 nm aerosol extinction coefficient ratio where both exist in the GloSSAC data set. The average value is
about 53 sr.

only partly filled by temporal interpolation. Where bins re-
main unfilled, the lowest measured value in a latitude/time
column is replicated down to the tropopause. This is rare and
rarely for more than 1 or 2 altitude bins. As with the other pe-
riods, data in the OSIRIS-only period are flagged to indicate
how we derived the value at each grid point.

It is particularly disappointing that SAGE II and
CALIPSO data sets do not overlap. CALIPSO observations
are always at the lower end of aerosol loading observed dur-
ing the SAGE II lifetime. Fortunately, the OSIRIS/SAGE II
overlap period is also primarily at low aerosol loading and
permit the use of OSIRIS as a transfer medium for under-
standing the CALIPSO backscatter to SAGE-II-like extinc-
tion coefficient conversion. We show the ratio of CALIPSO
532 nm backscatter coefficient to scaled OSIRIS 525 nm ex-
tinction coefficient as a function of OSIRIS extinction in
Fig. 13b. Nominally, we might expect some dependence on
the ratio to extinction value due to a correlation between ex-
tinction magnitude and aerosol size. In fact, we do see a tail
towards lower extinction-to-backscatter ratio with lower ex-
tinction values but the vast bulk of the data exists in an amor-
phous blob and the confidence in the observed relationship is
low. Part of the lack of confidence is due to the relatively high
noise exhibited by the CALIPSO data relative to the other in-
struments and the potential for bias associated with the nor-
malization process used for all lidar instruments. As a result,
we use the median value of this distribution (53 sr) as the sole
extinction to backscatter ratio conversion factor. This value
is well within expected values for extinction-to-backscatter
ratio (roughly between 30 and 60 sr) and effectively maps
CALIPSO observations to OSIRIS. If a conversion suggested
by distribution shown in Fig. 13b were used, large extinc-
tion coefficients would tend to increase while smaller extinc-
tion coefficient values (∼ 10−5 km−1) could be as much as
a factor of 2 smaller. If the relationship is found to be ro-

bust, then it suggests that some aerosol size information can
be inferred that may improve estimates of extinction at other
wavelengths (particularly 1020 nm) and inferences of aerosol
size distribution. As a result, it is clear that further study on
the conversion of CALIPSO backscatter to extinction coeffi-
cient is required, and improvements to this part of the GloS-
SAC product will be included in future versions.

Following April 2006, CALIPSO and OSIRIS are both
available to the end to the record and beyond. Since we only
use nighttime data from CALIPSO, and OSIRIS only ac-
quires data in daytime, the data sets span the entire range of
latitudes during all seasons, whereas one or the other would
have high latitude gaps similar to those of SAGE II. Since
we have forced considerable consistency into the OSIRIS
and CALIPSO 525 nm extinction data sets, we mix these sets
such that where both exist, we report the average of the two.
When only one exists, we report that value. Overall, we do
not observe discontinuities or other issues in this mixing pro-
cess and the overall data set is pleasing. In Fig. 3f–h, we show
the entire data set with OSIRIS only (panel f), CALIPSO
only (panel g), and the two combined (panel h). With both
data sets, the need for interpolation is mostly limited to only
winters where the PSC clearing process for CALIPSO leaves
some holes in the data set that we interpolate through as in
other periods. While an argument can be made for whether
STS is in fact simply a special case of aerosol which should
be retained, at this time, GloSSAC attempts to remove all
PSC effects as well as possible. Extinction at 1020 nm is es-
timated using the relationship shown in Fig. 8 (in reverse to
its previous application). With these additions, the GloSSAC
data set is complete from 1979 through 2016 (Fig. 3h).

While the OSIRIS/CALIPSO segment of the data set is
generally in good shape, we make two observations that users
should consider. One is that, unlike the SAGE-only versions
of this data set, the conversion of OSIRIS and CALIPSO data
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Figure 14. Final GloSSAC distribution for 525 nm extinction at
21 km using the same contouring intervals and coloring as in Fig. 2.

are strongly tied to 525 nm rather than 1020 nm (SAGE II’s
most robust channel). As this part of the data set is effectively
a single channel data set, users should primarily make use of
525 nm data (shown in Fig. 14) after the end of the SAGE II
mission in August 2005. This is critical because the post-
SAGE II period is dominated by a series of small eruptions
whereas the SAGE II record is dominated by the recovery
from large eruptions by El Chichón and Ruiz/Nyamuragira
(late 1985 and early 1986, respectively), and Pinatubo. The
SAGE-based conversion between 1020 and 525 nm extinc-
tion coefficients (and vice versa) is dominated by large vol-
canic events. These characteristically correlate aerosol size
and extinction magnitude such that large extinctions exhibit
a 525 to 1020 nm extinction ratio as low as 1.0 (indicating
extinction dominated by large particle sizes) and low extinc-
tions show a ratio from 3 to 6 in the main aerosol layer (indi-
cating extinction dominated by smaller aerosol). Even in the
SAGE II record, we observe exceptions to this scenario fol-
lowing small eruptions by Kelut (1990), Ruang (2002), and
Manam (2005). Figure 15 shows the 525 to 1020 nm extinc-
tion ratios from the tropics between 2000 and 2016. Prior
to September 2005, the plot is based primarily on SAGE II
measurements and we can see the impacts of the Ruang and
Manam eruptions increasing the extinction ratio while ex-
tinction itself was also increased. This suggests that these
eruptions effectively reduced the dominating particle size
possibly by introducing new small aerosol that do not coagu-
late quickly. After August 2005, the plot is based on aerosol
extinction at 525 nm inferred from OSIRIS/CALIPSO and
the empirical relationship shown in Fig. 8. Between Au-
gust and September 2005, there is a discontinuity in the ex-
tinction ratio indicating that the climatological conversion
process does not capture the Manam event well. With a
number of small volcanic events scattered throughout the
OSIRIS/CALIPSO period, we believe it is likely that this
disconnect with the SAGE II part of the record is a regu-
lar feature after 2005 and use of the 1020 nm data should

Figure 15. Ratio of GloSSAC 525 to 1020 nm extinction coefficient
at 2.5◦ N for 2000 to 2016. The switch from primarily SAGE II
to OSIRIS occurs in mid-2005 with CALIPSO also contributing,
beginning in mid-2006.

be avoided. In future versions, we may be able to leverage
some sizing information from a second OSIRIS channel, the
CALIPSO/OSIRIS pairing, or by contributions from other
instruments like SCIAMACHY to manage this issue in a
more robust manner.

The second issue we observe in the OSIRIS/CALIPSO pe-
riod is that aerosol extinction is higher in the lower strato-
sphere (below 20 km) in mid- and high latitudes of both
hemispheres than typically observed in the similar SAGE II
period leading up to that segment. It appears to be associated
with data from both OSIRIS and CALIPSO and may simply
be the outcome of regular volcanic events throughout this pe-
riod. The primary sink for aerosol is through polar latitudes
and enhancements in extinction are even expected following
low latitude eruptions. However, the elevated levels appear
to persist into less active periods and are manifested fairly
equally in both hemispheres, while volcanic activity occurred
mostly in the Northern Hemisphere. It is possible that the
GloSSAC depiction is correct; however, an unexpected dis-
connect between SAGE II and OSIRIS/CALIPSO data is of
concern and users should be aware of some issues in this time
and region. For CALIPSO backscatter data, it is possible that
improving the backscatter coefficient to extinction coefficient
conversion may reduce the apparent discrepancy. In addition,
with the beginning of SAGE III’s mission aboard the ISS in
2017, we hope to use those new data to understand this is-
sue. We also plan to examine SCIAMACHY and/or OMPS
as contributors to this issue as well as to GloSSAC in general.

5 Additional GloSSAC components

5.1 GloSSAC quality assessment

As a data product intended for use by the climate modeling
community, it is critical to deal with as many issues in the
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data set as possible and not leave those issues for the users to
discover on their own. While the data used in GloSSAC are
generally robust, it is still common for occasional bad indi-
vidual values or entire profiles to occur and have a deleteri-
ous impact on the data set if accepted as truth. As a result,
we have implemented a quality assurance process to iden-
tify and remove low quality data from GloSSAC. Although
we considered a number of automated schemes to identify
“bad” data, the most effective means was a month-by-month
visual examination of the data. In this case, we identify bad
data points/profiles using our best scientific judgment and re-
move them from the data set. We only remove data when the
impact is obvious and we apply it only to the final 1020 and
525 nm data products. While issues typically appear in both
wavelengths, they occasionally occur at only one wavelength
and we deal with these individually. The extinction products
consist of a little more than 1 million individual values, and
in quality assurance we identify less than 5000 bad data point
or less than 0.5 % of all data values (roughly the equivalent
of 2 months in 38 years). In the SAGE II period, these data
points tend to occur at high latitude where we have noted (al-
beit rarely) data quality issues in the past. Once the bad data
points are removed, we interpolate the data across any new
gaps using the same approach used in other processes. Data
replaced in this manner are flagged.

5.2 High altitude climatology for the OSIRIS/CALIPSO
period

We have created a SAGE-II-based monthly climatology for
altitudes above 30 km to replace OSIRIS and CALIPSO
data. In general, neither of these data sets is consistent with
SAGE II above that altitude (where extinction is very low),
whereas SAGE II is generally robust to higher altitudes. In
this climatology, we average all SAGE II data for each month
except the years 1991 to 1994, where Pinatubo effects were
obvious above 30 km. Any OSIRIS or CALIPSO data above
30 km at 525 and 1020 nm is replaced with the climatology
and flagged.

5.3 Stratospheric background

A nominal stratospheric background is included as a part of
the GloSSAC data set. It consists of the average of 1999,
2000, 2001, 2003, and 2004; we excluded 2002 because of
the eruption of Ruang in September of that year. The year
2000 is the lowest aerosol extinction in the entire record and
it could be used as a background level. However, there is
a notable effect of the quasi-biennial oscillation (QBO) on
aerosol extinction above 20 km (Thomason et al., 1997a) and
using 2000 as the background year in a repeating series has
discontinuities as large as a factor of 2 every January. The 5-
year average, while generally slightly larger than 2000 levels,
effectively removes most if not all QBO-related discontinu-
ities.

5.4 Derived aerosol products

The focus of the GloSSAC data set is aerosol optical mea-
surements; however, there is substantial interest in aerosol
properties that are derivable from these properties, particu-
larly aerosol surface area density and effective radius. As a
result, we have included values for these parameters where
SAGE II measurements are available. They are derived using
the method described in Thomason et al. (2008) and consis-
tent with the same properties included in the native SAGE II
version 7 data set and designed to bracket the potential range
in these parameters. These data are included for informa-
tional purposes and they should not be interpreted as canon-
ical estimates for them.

5.5 GloSSAC parameter uncertainty

Measurement uncertainties are included in the data set only
for the SAGE II portion of the data sets. In this regard for
each latitude/time/altitude bin, we include the standard devi-
ation of the measurements used (a combination of geophys-
ical variability and measurement noise) and the median re-
ported measurement uncertainty. Generally, SAGE II aerosol
extinction coefficients in the lower stratosphere have uncer-
tainties of less than 10 % and, during Pinatubo, often less
than 5 %. The same uncertainty parameters for all space-
based measurements, including new potential data sources
SCIAMACHY and SAGE III/ISS, will be included in the
next GloSSAC release. Beyond measurement uncertainty, the
conversion of one measured quantity to another adds the po-
tential for significant and variable bias to GloSSAC values at
525 and 1020 nm. The process we used to scale data from
OSIRIS, CLAES, HALOE, and CALIPSO to the long-term
525 and 1020 nm data sets nominally eliminate bias from
between the data sets and the spread of measurements is
more or less the combined measurements uncertainty com-
bined with geophysical variability. However, this is only
the case where the data sets overlap. For CLAES/HALOE,
their use in GloSSAC coincides with the massively volcanic
Pinatubo period and their sole use is for altitudes/latitudes
where SAGE II data does not exist. For CALIPSO/OSIRIS,
their use is solely for the period after the SAGE II mission
ends. A complicating factor for this period is that the over-
lap period between SAGE II and OSIRIS was volcanically
quiescent while much of the period after 2005 consists of
a steady drumbeat of small but significant volcanic events.
There are few independent robust measurements for either
the Pinatubo period (particularly in the tropics) or the post-
SAGE II period. As a result, it is difficult to evaluate how
well the conversion processes work and there is the potential
for bias. We hope the new SAGE III mission in this mildly
volcanic period will give insights into the potential for bias
with both OSIRIS and CALIPSO as well as suggest mech-
anisms for migrating any issues. This is a focus for future
developments in GloSSAC.
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Figure 16. Total GloSSAC stratospheric aerosol optical depth at
525 (a) and 1020 nm (b). We show contours at 0.0006, 0.0008,
0.001, 0.002, 0.004, 0.006, 0.008, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1,
0.15, 0.2, and 0.4.

5.6 Stratospheric optical depth

Stratospheric optical depth at 525 and 1020 nm integrated
from a base at the tropopause upwards can be easily com-
puted using components of the GloSSAC data set. These
are shown in Fig. 16. The GloSSAC minimum 525 nm op-
tical depth in the tropics (0.0028) occurs in May 2001 as
an extended period of very limited volcanic influence was
terminated by the eruption of Ruang (Indonesia) in Octo-
ber 2002 and subsequent eruptions. The peak optical depth
at 525 nm is 0.22 and occurs in the tropics several months
after Pinatubo in November 1991. Although the delay is not
an obvious outcome, several factors contribute to this fea-
ture. Given that the primary injection altitude was well above
20 km, there would be little loss of aerosol from the strato-
sphere in the first months following the eruption. Also, since
a significant fraction of what would become sulfate aerosol
entered the stratosphere as SO2 gas, the conversion for SO2
to H2SO4 (with nominally about a 30-day time constant)
would tend to delay the peak in the mass of aerosol for a few
months (Shen et al., 2015). It is also likely that there was sig-
nificant formation of new and very small particles that would
require some time for coagulation to increase their size suffi-
ciently to affect visible wavelength extinction (≥ 0.1 µm).

Figure 17 shows a comparison of GloSSAC 525 nm op-
tical depth, Version 2.0 of the Advanced Very High Reso-
lution Radiometer (AVHRR) total atmospheric aerosol op-
tical depth (Zhao, 2013; Zhao and Chan, 2014), and the
GISS stratospheric aerosol 500 nm optical depth (Sato et al.,
1993). AVHRR provides a measurement of total atmospheric
aerosol optical depth at 500 nm. Aerosol optical depth is
usually dominated by tropospheric aerosol and variability
in the stratosphere is not apparent. This is not the case fol-
lowing large volcanic events where the volcanic perturbation
can be larger than the tropospheric component. For compar-
ison purposes, we remove the 28-year median annual cy-
cle from the long-term AVHRR record to highlight the im-
pact of the Pinatubo and El Chichón eruptions. In addi-
tion, we plot AVHRR data only during the first years after
both eruptions as AVHRR is unable to infer stratospheric ef-
fects once the stratospheric optical depth is much less than
about 0.02. Figure 17 shows the AVHRR total and “strato-
spheric” optical depth. While there is reasonable agreement
between the AVHRR and GloSSAC data products in midlat-
itudes, the tropical optical depths show a substantial differ-
ence for both eruptions. For Pinatubo, it suggests a tropical
total optical depth in excess of 0.4 (at 500 nm), which is sub-
stantially larger than the corresponding value of 0.22 in the
GloSSAC stratospheric optical depth. Some of the difference
could be due to loading in the upper troposphere that is not a
part of the GloSSAC stratospheric optical depth (integrated
from the tropopause upward) but that AVHRR includes. It
is also likely that setting a baseline is partly responsible for
this issue. On the one hand, if only the few years prior to
the Pinatubo eruption are used, the peak optical depth from
AVHRR decreases to about 0.3. On the other hand, the opti-
cal depth after early 1993 is less than and becomes much less
than the background values from the pre-Pinatubo period. At
least in the tropics, it is also clear there are some discontinu-
ities in the optical record that appear to be unrelated to geo-
physical phenomena. In any case, the AVHRR peak Pinatubo
optical depth is between 50 and 100 % larger than that from
GloSSAC.

In order for the AVHRR/GloSSAC difference to be due
purely to stratospheric aerosol, the mostly likely GloSSAC-
related culprit would be the conversion of CLAES infrared
observations to SAGE II wavelengths. The correction from
CLAES to SAGE would have to be in error by a factor of
about 2. The correlation between SAGE II and CLAES ob-
servations (Fig. 6) is well behaved and provide little sugges-
tion that an error on that scale is possible. Sun photometer
measurements from sites in American Samoa, Mauna Loa,
and other sites (Dutton et al., 1994; Stone et al., 1993; Rus-
sell et al., 1996; Dutton and Christy, 1992) suggest a peak
mid-visible optical depth between 0.2 and 0.25 and perhaps
as large as 0.3. The GloSSAC value is on the low end of
these values but the Sun photometer measurements will also
include volcanic aerosol in the troposphere. As a result, we
believe that GloSSAC stratospheric optical depths for the
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Figure 17. Comparison of total stratospheric aerosol optical depth at northern midlatitudes, the tropics, and southern midlatitudes at 525
(SAGE II/GISS) and 550 nm (AVHRR). AVHRR is shown in black, AVHRR with a 28-year median annual cycle removed is red, GloSSAC
is shown in blue, and the GISS data set is shown in green.

Pinatubo period are reasonable. The GISS data set after 1979
is based on the data from the same instruments used in GloS-
SAC and a good level of agreement would be expected. In
general, that is observed until at least 1998 (Fig. 17). There
are some minor differences most likely related to updates
in SAGE data products, changes in cloud clearing, and the
filling process. After 1998, however, the GISS optical depth
is uniformly about a factor of 2 less than GloSSAC values
with an almost immediate transition from reasonable to poor
agreement. The large differences between these data sets af-
ter 1998, particularly up to the end of the SAGE II period
in 2005, are difficult to understand and the GISS values ap-
pear to be in error. Overall, we do not recommend the use
of AVHRR or GISS for validating CCM estimates for strato-
spheric column optical depth. On the other hand, users of
GloSSAC should be aware that there is almost certainly sub-
stantial aerosol in the upper troposphere particularly in the
tropics during the several months if not a few years follow-
ing the Pinatubo eruption. That material is not a part of the
stratospheric GloSSAC data set yet may have significant cli-
mate influence.

6 Data availability

GloSSAC version 1.0 is available in netCDF format at the
NASA Atmospheric Data Center at https://eosweb.larc.nasa.
gov/. GloSSAC users should cite this paper and the data set
DOI (https://doi.org/10.5067/GloSSAC-L3-V1.0).

7 Notes concerning this data set and future plans

Despite some limitations, we believe that this is by far the
best data set in this series of data sets (ASAP, CCMI). Com-

pared to previous releases of the data set such as ASAP or the
set for CCMI in 2014, we have implement a number of major
improvements. These include the handling of the Pinatubo
SAGE II saturation period in 1991 to 1993, the way in which
missing values at high latitudes are filled during the entire
SAGE II period, and how the post-SAGE II period is con-
structed using OSIRIS and CALIPSO. The data set is focused
on providing as close to measured aerosol optical properties
as possible. Recognizing the complexity of mixing data from
many sources, unmodified source data are preserved in the
data set at the GloSSAC resolution.

For users, we recommend the following practices for this
data set:

– For validation of aerosol properties derived within a
chemistry-climate model, we suggest that the most ro-
bust comparisons are with the measurements directly.
As a result, we suggest that they use the data flags to
identify these values in the data set and compare model-
derived parameters with those identified as measured, as
opposed to indirectly inferred values.

– We have not focused on the derivation of bulk aerosol
properties within this data set though it is suitable for
that process. Even though values are reported at 525 and
1020 nm for every grid box, it is critical to recognize
when data are based on a single measurement wave-
length. This includes everything outside the SAGE II
period and some data gap periods within the SAGE II
period associated with Pinatubo. Users who wish to
use this data set for developing climatologies of aerosol
properties are welcome to do so as well as distribute any
products derived from your effort. We would appreciate
attribution of the source material.
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The summary of key issues associated with the data set are
the following:

– The summer of 1991 in the tropics is poorly resolved
due to the loss of SAGE II in the lower stratosphere
and because CLAES data do not become available until
October of that year. In any case, the highly inhomo-
geneous state of the stratosphere in the several months
following the Pinatubo eruption makes a monthly de-
piction of questionable validity.

– The OSIRIS/CALIPSO period presents two issues.
There is clearly an issue with converting measurements
from 525 to 1020 nm and the later data should be used
very cautiously. This is a one-wavelength period where
only 525 nm values should be used. Also, there are high
levels of aerosol extinction in the lower stratosphere
throughout this segment of the data set. While we can-
not exclude that it is correct, users should exercise cau-
tion with these data.

– Data in the troposphere is only reported during the
SAGE II period and only away from the Pinatubo erup-
tion. It is likely that there is considerable aerosol in the
upper troposphere during this period but we have little
ability to produce values based on measurements in this
period. While tropospheric aerosol is not the general
area of concern for GloSSAC, it is likely that volcanic
aerosol in the upper tropical troposphere plays a role in
changing climate during the aftermath of the Pinatubo
eruption.

We plan to release new versions in about a yearly cy-
cle. Extensions of the data set using the current processing
paradigm will be indicated by minor version number changes
(ie., 1.0 to 1.1). If new data sources or significant process-
ing changes occur, the version will change the major num-
ber (i.e., 1.0 to 2.0). Current plans are to release version 2.0
in 2018 with the addition of at least SAGE III/ISS data at
the end of the record. We will also look at other newer data
sets particularly the available SCIAMACHY data set but also
aerosol products from OMPS and AerGOM. We may look
into deriving data at a higher temporal resolution to more
fully utilize the data afforded by OSIRIS and CALIPSO. For
the SAGE period, we may examine the approach for deriving
ozone variability described in Damadeo et al. (2014). Feed-
back from users will also be useful in updates to the data set.

In the past, this data product was mostly an “in-house” in-
termediate product not readily available to the science com-
munity. This new approach, and this paper, is an effort to
make it more transparent and accessible to all potential users.
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Appendix A: Acronyms

ACE Atmospheric Chemistry Experiment
AerGOM an improved algorithm for stratospheric aerosol extinction retrieval from GOMOS
ASAP Assessment of Stratospheric Aerosol Properties
AVHRR Advanced Very High Resolution Radiometer
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
CCM chemistry-climate model
CCMI Chemistry-Climate Model Intercomparison SPARC actvity
CLAES Cryogenic Limb Array Etalon Spectrometer
CMIP Climate Model Intercomparison Project
ESRL Earth System Research Laboratory
GEOS Goddard Earth Observing System Model
GISS Goddard Institute for Space Studies
GloSSAC Global Space-based Stratospheric Aerosol Climatology
GOMOS Global Ozone Monitoring by Occultation of Stars
HALOE Halogen Occultation Experiment
HIRDLS High Resolution Dynamics Limb Sounder
ILAS I/II Improved Limb Atmospheric Sounder
ISS International Space Station
MAESTRO Measurements of Aerosol Extinction in the Stratosphere and Troposphere Retrieved by Occultation
MERRA Modern-Era Retrospective analysis for Research and Applications, Version 2
NASA National Aeronautics and Space Administration
NAT nitric acid trihydrate
NOAA National Oceanographic and Atmospheric Administration
OMPS Ozone Mapping Profiler Suite
OSIRIS Optical Spectrograph and InfraRed Imager System
POAM III Polar Ozone and Aerosol Measurement
PSC polar stratospheric cloud
SCIAMACHY SCanning Imaging Absorption spectrometer for Atmospheric CartograpHY
SAM Stratospheric Aerosol Measurement
SAGE Stratospheric Aerosol and Gas Experiment
SOFIE Solar Occultation for Ice Experiment
SPARC Stratospheric-tropospheric Processes and their Role in Climate
STS saturated ternary solution
UARS Upper Atmosphere Research Satellite
WMO World Meteorological Organization
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Appendix B

Table B1. GloSSAC data flag values and meaning.

Flag Value Source

1 SAGE II
2 CLAES empirically scaled to 1020 nm
3 HALOE empirically scaled to 1020 nm
4 Equivalent latitude reconstruction
5 ASAP-based tropical lidar fill data for the Pinatubo period, it is used in part in the

June 1991 to September 1991 period
6 Pinatubo June fix where data from May 1991 is used where no SAGE II observations occur rather than

interpolating between very clean May 1991 and very volcanic July 1991
7 525 estimates from valid 1020 nm data
8 CALIPSO converted to 525 nm extinction using a backscatter to extinction ratio of 53.
9 OSIRIS 525 nm data set scaled by 0.8
11/12 Linearly interpolated from points within 2 months. No additional interpolation involving altitude or latitude is

included
13 Values at 1020 nm estimated from OSIRIS and/or CALIPSO previously inferred at 525 nm
14 SAM II/SAGE data from January 1979 through December 1981
15 Replicated (same value) downward in Lidar period (1982–1984); mostly only below 10 km and at

higher latitudes
16 1000 nm SAM II extinction and extinction inferred from airborne and ground-based lidar

(January 1982 and October 1984)
17 Mean of OSIRIS and CALIPSO scaled as above
20 High-altitude climatology; average of data between 1984 and 1990 and between 1995 and 2005
21 Quality controlled data, values removed and interpolated across.
22 Some individual holes in otherwise continuous data patched using adjacent grid spots
23 Replicated (same value) downward in early OSIRIS/CALIPSO era; mostly below 10 km or so and at

higher latitudes
24 Estimated 525 nm data where 1020 nm data exists during the Pinatubo period
25 Smoothed tropical OSIRIS data in June 2005 due to some anomalous behavior; a quality control activity
26 November and December 2016 are replicated data from October 2016 due to missing data
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