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Abstract. We describe the challenges associated with thel Introduction

interpretation of extinction coefficient measurements by the

Stratospheric Aerosol and Gas Experiment (SAGE ) in theThe Stratospheric Aerosol and Gas Experiment (SAGE 1)
presence of clouds. In particular, we have found that troporovided ozone, N@ water vapor concentration and mul-
Spheric aerosol ana|yses are h|gh|y dependent on a robugwavelength aerosol extinction coefficient profiles from the
method for identifying when clouds affect the measured ex-mid-troposphere through the stratosphere during a mission
tinction coefficient. Herein, we describe an improved cloud that lasted from October 1984 through August 2005. These
identification method that appears to capture cloud/aerosoneasurements have provided crucial data in assessing the
events more effectively than early methods. In addition, State of ozone and aerosol trends (e.g., SPARC, 2006) and re-
we summarize additional challenges to observing the Asiarimain a valuable resource to understand changes in the strato-
Tropopause Aerosol Layer (ATAL) using SAGE Il observa- Sphere and upper troposphere (UTLS). The Cloud-Aerosol
tions. Using this new approach, we perform ana]yses of thé_idal' Pathfinder Satellite Observation (CAL'PSO) has made
upper troposphere, focusing on periods in which the UTLSglobal 532nm aerosol backscatter profiles since June 2006.
(upper troposphere/lower stratosphere) is relatively free ofWhile primarily focused on aerosol and thin clouds in the
volcanic material (1989—-1990 and after 1996). Of particulartroposphere, its measurements have nonetheless provided a
interest is the Asian monsoon anticyclone where CALIPSOWealth of information on polar stratospheric clouds (e.g.,
(Cloud-Aerosol Lidar Pathfinder Satellite Observations) hasPitts et al., 2009) and aerosol in the stratosphere and upper
observed an aerosol enhancement. This enhancement, callé@posphere (e.g., Vernier et al., 2011a). Studies of the upper
the ATAL, has a similar morphology to observed enhance-troposphere and stratosphere using the combination of SAGE
ments in long-lived trace gas species like CO. Since thell and CALIPSO have been performed (Vernier etal., 2011b)
CALIPSO record begins in 2006, the question of how long Which have demonstrated both the challenges and the poten-
this aerosol feature has been present requires a new look &gl for these studies. While both make measurements of at-
the long-lived SAGE Il data sets despite significant hurdlestributes of aerosol, the parameters are not completely inter-
to its use in the subtropical upper troposphere. We find thaghangeable (multivavelength aerosol extinction coefficient
there is no evidence of ATAL in the SAGE Il data prior to Versus aerosol backscatter coefficient and depolarization). In
1998. After 1998, it is clear that aerosol in the upper tropo-addition, sampling rates are vastly different and, perhaps the
sphere in the ATAL region is substantially enhanced relativemost critical complicating factor, there is no overlap period
to the period before that time. In addition, the data gener-between the two instruments. Overall, it has been shown (us-
ally supports the presence of the ATAL beginning in 1999 ing GOMOS as an intermediary) that there is broad consis-
and continuing through the end of the mission, though somdency between the measurements of SAGE Il and CALIPSO
years (e.g., 2003) are complicated by the presence of episodi®iough a direct comparison is not possible.

enhancements most likely of volcanic origin.
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In Vernier et al. (2011b), the presence of an enhancemen2 Characteristics of SAGE Il aerosol extinction
in aerosol backscatter within the Asian monsoon anticyclone  coefficient measurements in the UTLS
(the Asian Tropopause Aerosol Layer; ATAL) was identi-
fied for the first time using CALIPSO observations. While While robust and reliable in the stratosphere, the interpreta-
highly variable in intensity from year to year, CALIPSO ob- tion of SAGE Il aerosol extinction coefficient measurements
servations establish that it appears as early as May and pet? the upper troposphere/lower stratosphere (UTLS) are com-
sists as late as September but is primarily a June/July/Augudtlicated by the presence of clouds and a sample size that de-
(JJA) phenomenon and is strongly associated with the Asiafreases within increasing depth into the troposphere. In order
monsoon anticyclone. The spatial extent was between 14 antp evaluate aerosol properties in the UTLS, measurements in-
18 km, between roughly 15 and 38 and between about 0 fluenced by cloud presence must be identified and excluded
and 150 E. While CALIPSO observations show the presencefrom the analysis. If this process is done effectively, some re-
of ATAL, there is no evidence of enhanced depolarizationgions, particularly those associated with the western Pacific
suggesting that the increase in backscatter is likely to be ivarm pool, have few observations below 14 km. We observe
the form of liquid aerosol rather than solid aerosol. However, that the transition between SAGE Il cloud and aerosol mea-
beyond this inference, there is little in the CALIPSO mea- surements is a continuum, rather than manifesting itself as
surements themselves to suggest the source or compositighiscrete modes, primarily due to the geometry of the mea-
of the aerosol. Some balloon-borne measurements from Tisurements. As a result, our ability to distinguish between
bet may support the presence of the ATAL in the same timethese two types of observations is not clear cut. Ultimately,
frame prior to the CALIPSO observation; however they may cloud/aerosol discrimination relies on an empirical assess-
also reflect volcanic activity (Tobo et al., 2007; Kim et al., ment of the expected behavior of mixed field of views of
2003). On the other hand, up to this time, no analysis ofclouds and aerosol. The process we have developed is dis-
SAGE Il data has suggested the presence of the ATAL. Thigussed below.
is not totally surprising due to a number of hurdles in this ] L o o
analysis. Observations by SAGE Il in the subtropics occur a-1 Multiwavelength extinction coefficient reliability
a relatively low rate even by occultation standards, and, afte
mid-2000, SAGE Il captured only one occultation per orbit
(rather than two) due to an issue with azimuth preposition-
ing (ordering the instrument to face the direction where an
event would occur). In addition, the identification of events
influenced by the presence of clouds is particularly impor-

'SAGE 11 aerosol extinction coefficient measurements have
been demonstrated to be robust in the stratosphere even at the
low levels observed the early 2000s with measurement uncer-
tainties at 1020 nm that are often less than 10 % (Thomason
etal., 2008). The credit for the quality of these measurements
tant in the tropics and subtropics. At the same time, identi-IIeS substannally'wnh the solar occultation method employed
: ) . . ..~ bythe SAGE series of instruments. The long paths and bright
fying cloud events at any latitude/altitude is subtle; missing ° . . :
. radiant target (the Sun) allow a small field of view (FOV)
even very small cloud effects can have an overwhelming ef- . . ) . . .
. : nd high vertical resolution while still producing a robust
fect on aerosol analyses in the troposphere. A previous effort_ > = ; . i
: extinction signature. For example, in the clean period after
to separate between cloud and purely aerosol observations bé’OOO between the tropopause and 28 k0 % of the sig-
SAGE Il has been shown to miscategorize some cloud events ;" bop g

o serosl (SPARC, 2006 and any effort o dtect e TALL L 1201 & S 0 eroene (i (o e 0 i
in the SAGE Il data must rectify that error. 9 '

, . . which are between 1¢ (near 28km) and % 10~4km~1
Herein, we summarize challenges to separating between

. ; . ~(near 15 km), remain reliable to extinction at least as low as
pure aerosol and mixed cloud/aerosol observations usin 61l
. . x 107°km~* (Thomason et al., 2008). The shorter wave-
SAGE Il observations. In light of these challenges, we

- ) length aer | channels are n r mbina-
describe a new cloud/aerosol identification method devel-e gth aerosol channels are not as robust due to a combina

. L fion of increased molecular scattering (following wavelength
oped to more effectively discriminate between cloud/aerosoto the fourth power) and absorption by gases such as ozone
events than early methods (Kent et al., 1993, 1998). Usin P b v '

L he shortest wavelength aerosol extinction coefficient mea-
this improved tool, we perform analyses of the upper tropo- ;
. . ; i . . surements at 386 and 452 nm do not reliably extend below
sphere, focusing on periods in which the UTLS is relatively

free of volcanic material (1989-1990 and after 1996), and16 and 12km, respectively, and they are not particularly use-

. ful to this study. On the other hand, the measurements made
particularly attempt to detect the presence of the ATAL. Evenat 525 nm are reliable in the UTLS and available as low as

in these nominally clean periods, small volcanic events occa- : A .
. . . . . 5km despite substantial impacts by ozone absorption and
sionally complicate the interpretation of the analyses. As will

) molecular scattering. The inclusion of this channel is crucial
be demonstrated below, we find that the data generally doegince it contributes significantly to the information content of
not support the existence of the ATAL prior to 1999 but in- 9 y

dicate its presence in following years up to the end of theSAGE Il aerosol measurements specifically allowing a rough

SAGE Il mission in 2005, measure of aerosol “size”.
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2.2 Spatial sampling spanning 1999-2005, and data availability as a function of
latitude and altitude is mostly driven by the requirement that

For an instrument in a mid-inclination, low-Earth orbit such 525 nm aerosol extinction be available. Globally, in each sea-

as SAGE ll, spacecraft sunrise and sunset occultation eventson there are approximately 2500 profile sets, and essentially

occur ~ 30 times per day along two latitude circles that all of these profiles are available above 17 km. At 10km

slowly progress between roughly 78 and 70N over the  about 60 % of the profiles still provide usable measurements;

course of 4 to 6 weeks. Following a gap in SAGE Il oper- at 6 km the fraction available has dropped to about 30 %. The

ations covering the last third of 2000, only one event typefractions are not strongly dependent on year except in the few

was acquired per day and sampling was reduced- fico years following the Mt. Pinatubo eruption.

events/day for the remainder of the SAGE Il mission. Due

to the sampling provided by the solar occultation technique2-3 Measurement volume

and its concomitant month-long period to complete a sweep o ) ] o

of latitude, spatialitemporal resolution of aerosol extinction S°lar occultation is well suited to making aerosol coefficient

coefficient depictions (or other components of the SAGE |I measurements in the stratosphere, where homogeneity along

measurement ensemble) is limited. The sampling becomel'® LOS is not a major concern except for relatively rare
even more restricted below the tropopause (particularly in€VeNts like polar stratospheric clouds. The SAGE series of
the tropics) as many SAGE Il events (profile sets) are terinstruments implement solar occultation using scans across

minated by the presence of clouds. Event termination, ofterj’® Sun perpendicular to the Earth's surface during each time

(imprecisely) called “saturation”, can also come about duethe Sun is obscured (or occluded) by the atmosphere relative

to thick aerosol (e.g., the post-Pinatubo period of mid-1991tC the spacecraft as shown in Fig. 1a. The solar scans ex-
through 1993) and molecular effects at low altitudes for the!€nd across the edges of the Sun, and knowledge of the loca-
short wavelength channels, but neither of these conditiond!O" Of the Sun's edges along with knowledge of the space-
is relevant for the 525 and 1020 nm aerosol extinction co-Craft location and time permit very high accuracy in deter-

efficient channels in the altitude range and time periods we™ining the altitude of the tangent point (closest approach to
consider in this paper. the Earth’s surface) along a LOS between the instrument and

SAGE Il can make useful measurements up to a line-of-the Sun for each measurement. Since the Sun is observed
sight (LOS) optical depth of-7. Given the long horizon- above the atmosphere during each event, the instrument is
tal paths the LOS rays follow through the atmosphere aeffectively calibrated during each event and is insensitive to
1020 nm, this is roughly the equivalent of a vertical aerosolchanges in the instrument sensitivity (count levels) through-
optical depth for SAGE Il of~0.15. In practice, the termi- out the 21 yr lifetime of the instrument. The scanning pattern
nation altitude of a profile is not a well-defined event, so we!S Shown in Fig. 1b, and it allows multiple samples15) in
have adopted a convention by which a profile set is termi-tN€ 0-5km altitude sampling bins. Averaging these samples
nated at the first altitude at which 1020 nm aerosol extinc-€duces measurement noise and produces the LOS measure-
tion exceeds % 10-2km~! or the LOS optical depth ex- ment uncertainty that is the primary source of random noise
ceeds 7. We find that extinction value is an effective cutoff N the final data products. A feature of this scanning process
for profiles and also isolates the data analysis from some odiS that the volume of atmosphere represented in each altitude

casional anomalous behavior (likely an instrument artifact)Pin i large compared to the nominal LOS volume whose
at altitudes below where this extinction coefficient value is '©Ugh dimensions in the tangent altitude bin aré25km
initially observed (top downward). In the time period of in- (&l0ng the LOS) by the FOV of Skm (horizontal) by 0.5km

B . . 1
terest, the cutoff value occurs as a distinct step function from(vertical). Given a spacecraft velocity 6f 7kms™ and a
much lower extinctions, strongly suggesting a cloud top. concomnant movement of the tangent location, the samples
Wang et al. (2003) showed that, between 1985 and 20022t & given altitude are relatively sparsely spaced over sev-
the SAGE Il 1020 nm extinction coefficient profile termina- eral hundred kilometers in the horizontal direction. Based
tion altitude is a strong function of latitude. The zonally av- O the high quality and low measurement noise observed in

eraged altitude at which 50% profiles are terminated rund"€ SAGE Il 0zone and aerosol measurements in the strato-

from about 5 km in high to subtropical latitudes but increasesSPhere. the measurement volume does not appear to impact

rapidly in the tropics to~ 11 km. The event termination al- the quality of those measurements. In the upper troposphere,
titude in the tropics shows a strong longitudinal dependencéNhere over the scale qf hundreds of kilometers variations in
with the highest altitudes found in the deep convection zone&€rosol levels and particularly cloud presence can be substan-
over South America, Africa, and particularly Indonesia. As a tid, the resuling mean measurement could easily represent
result, sampling at all latitudes and longitudes becomes rel® Mixture of individual variable aerosol and cloud measure-
atively sparse at lower altitudes but is particularly acute inMents: The sampling volume of SAGE Il measurements is
the tropical convection areas where meaningful tropospheridiscussed in detail in Thomason et al. (2003).

aerosol analysis is not always possible. Much of the analy-

sis shown later in this paper is based on seasonal averages
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Fig. 2. (a)shows the Mie extinction kernels for the 525 and 1020 nm
SAGE Il aerosol extinction coefficient measurements for sulfate
“ aerosol at stratospheric temperatuf(byshows the relationship be-
— tween the ratio of the 525 and 1020 nm extinction kernels and par-
£160 4 ticle radius.

de

i is difficult to conclusively distinguish between large aerosol
and cloud. This was commonly observed during the imme-
T diate post-Pinatubo period from 1991 through 1993 when
0 10 20 30 40 50 60 stratospheric aerosol levels were more than 100 times larger
Time, sec than in the early 2000s with a concomitant increase in mean
particle size. While we generally have based cloud/aerosol
Fig. 1. A depiction of the SAGE Il measurement geometry: SAGE discrimination in SAGE Il measurements on this extinction
Il scans across the center solar disk perpendicular to the Earth'satio, it is important to keep in mind that a small extinction
surface (above). The figure below shows the pattern of scans for atio is not a necessary indicator of cloud presence.
sunr!se event (thg location of the Sun i; shown in yellow), demon-  Beyond particle size issues, there are additional and sub-
strating that multiple rays between the instrument and the Sun pasggantjal ambiguities regarding cloud observations particularly
at approximately the_ same minimum distance from the Earth’s SUralated to optically thin or non-opaque cirrus arising out of
face (the tangent altitude). . .
the characteristics of the measurement volume. This was
demonstrated by Kent et al. (1997) who used data from the
Lidar In-space Technology Experiment (LITE) to simulate
2.4 The interpretation of observations occultation cloud observations. The ambiguities result from
the fact that clouds may not occur at the LOS tangent point
Thomason et al. (2008) provide an in-depth discussion of thébut may occur anywhere along the path through the atmo-
limitations in the derivation of bulk aerosol properties like sphere and occupy anywhere from the entire path to very
surface area density using SAGE Il measurements (see alsshort segments of the paths. Kent et al. (1997) demonstrated
Thomason et al., 1997a). They showed that there is incomthat either opaque or non-opaque clouds observed by an oc-
plete information on the details of the underlying aerosol cultation instrument may occur at or above the altitude in
size distribution in the SAGE Il extinction coefficient mea- which it is inferred to occur. The difference between the ac-
surements. The nature of the extinction kernels make thigual height and the inferred height is generally small but can
relatively obvious particularly when limited to only the 525 reach as much as 5km. As a result, cloud events should be
and 1020 nm channels. Figure 2a shows these extinction keinterpreted as occurring at or above the apparent altitude.
nels (in per unit volume of aerosol) for liquid sulfate aerosol In addition, since the extinction coefficients associated with
at stratospheric temperatures. While there is a clear differclouds are assumed to be uniformly spread in the tangent alti-
ence in these kernels, the ratio of these channels, shown itude layer, the resulting extinction is a lower limit for extinc-
Fig. 2b, shows that there is only size information for particlestion by a cloud. Figure 3 shows a schematic of 3 identical
less than 0.5 um. Since extinction integrates the underlyinglouds occurring at different locations along the LOS: at the
size distribution across these kernels, we find that the meatangent altitude and two altitudes well above the tangent alti-
sured ratio of 525 to 1020 nm aerosol extinction coefficientstude. Since the distance traversed through each cloud is also
is close to 1 whenever extinction is dominated by particlesdifferent, the LOS optical depth contributed by the cloud is
larger than 0.5 um. This can be relevant to our study since itlso different. Since we have no way of knowing where along

Tangent Altitu
N
o
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Fig. 3. This figure shows the approximate geometry of the SAGE I g
observations and demonstrates the different ways in which cloudswo
can manifest themselves in line-of-sight observations. For the center

ray in the figure above, clouds at 3 different altitud2s,(Z,, and (_)5 _4 - _:'3 _2' X
Z7) are all observed for a ray at a single tangent altitutie, 1020-nm Extinction Coefficient (log10 of 1\km)

the LOS the clouds occur, SAGE data processing necessaF—ig' 4. A typical density function for SAGE Il aerosol extinction co-

ily assumes that each is uniformly distributed in the Iayerel"ficien’[ observations at 18 km in DJF for 1999 through 2005. The

located at the t t altitud d th ted | density is scaled to a value of 1 at the peak value with contours at
ocated at tne tangent altitude an € reported aerosol €X; | jorements (0.9, 0.8, etc.) and additional contours at 0.05, 0.01,

tin(.:tion_ coefficient derived for the t."’}ngent altitude CO_U|d be 0.005 and 0.001. The dotted line shows the approximate position of
quite different for each cloud position and path. It is also the “kent method” cloud/aerosol demarcation. The red line shows
worth noting that in SAGE Il versions prior to 6.0 (released the effect of mixing a nominal dense “cloud” with varying frac-
in 2000) there was a deficiency in the data-processing algotions of aerosol (values from the centroid of the distribution) using
rithms that effectively diffused cloud tops to altitudes well Eqg. (1).
above where they actually occurred (e.g., Wang et al., 1996).
This led to an exaggeration in the frequency of cloud/aerosol
observation up to and above the tropopause that is greaths is the case with other seasons and altitudes, the curve
reduced in later versions. does a remarkable job of simulating the observations. The
Figure 4 shows the density in 1020 nm extinction and 525details of the line’s location are not strongly modulated by
to 1020 nm extinction ratio space for all SAGE |l observa- the assumed “artificial” cloud properties except in that they
tions at 18 km in December/January/February (DJF) for 1999re spectrally white and optically dense relative to the back-
through 2005. We see a strong, relatively compact maximurrground aerosol. The line would be nearly identical for &gy
near the 104 km~1 1020 nm extinction coefficient and 4.5in value over 103 km~1. The robustness of this fit suggests that
extinction ratio (referred to ds, andR, below). However, in  these observations are likely to represent mixtures of back-
low numbers we also see a long arm of events stretching fronground aerosol with some cloud-like component. This does
this main core down toward values near#@m—1 (nearthe  not imply that they are mixed uniformly in a volume of air
limit of the observation domain) and extinction ratios of 1. but mixed by geometry along the line of sight with segments
Following the discussion above, members of this arm of ob-0f aerosol and cloud. It also suggests that terminologies used
servations are likely to contain either clouds of varying opti- on occasion like “optically thin cirrus” or “sub-visual cirrus”
cal density (from relatively dense to aerosol-like opacities),may be misleading in as much as they are applied to SAGE I
follow varying path lengths through more substantial clouds,observations and that it may be better to refer to these obser-
or a mix of aerosol-only and cloud-only observations. The vations as cloud/aerosol mixtures as originally recognized by
observations can be easily modeled using the main aerosdfent et al. (1993, 1998). As discussed above, how the atmo-
centroid and an “artificial” cloud centroid with extinction ra- Sphere and the SAGE Il observations construct this mixture
tio of 1 (i.e., large size) and a large “cloud” 1020 nm extinc- is not readily determinable from the data.
tion coefficient (referred to agcand k; below). We have

used a value of 10t km~? for the cloud centroid extinction o )
(ko) and a value of 1.0 foR.. The model produces an ex- 3 Distinguishing between aerosol and clouds in SAGE

tinction ratio, R, for any 1020 nm extinction coefficient, Il observations
betweenk, andkc as a simple mixture of the two centroids, , . . .
or The focus of this paper is on aerosol in the UTLS. To facili-
tate this study, we were required to identify (for the purposes
_ aReke+ (1 —a) Raka, where g = k= ka (1)  of removal) measurements that exhibit cloud-like properties.

ake+(1—a)ka ke —ka’ Our original intent was to employ the method pioneered by
The function is shown overlaying the density plot in Fig. 4. Kent et al. (1993) which is included in operational SAGE I

www.atmos-chem-phys.net/13/4605/2013/ Atmos. Chem. Phys., 13, 46636 2013
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data product. While we have found it to be reasonably ef-that some aerosol/cloud mixtures remain in the aerosol cat-
fective, based on past experiences, we felt that at least somegory in the region where extinction is neax 20~4 km~1
cloud-like observations were missed by this algorithm. As aand the extinction ratio is near 2. Geographically, we find
result, we have explored a fusion of the Kent method withthat many of these transitional cloud/aerosol mixtures occur,
a method based on the polar stratospheric cloud discriminanot surprisingly, in the tropics. This matches past experiences
tion scheme developed by Pitts et al. (2009) for use with thewhere efforts to remove cloud impacts from the aerosol data

CALIPSO data set. left enough mixtures in the data set that it was better to use
median statistics (with mixed results) than averaging in or-
3.1 The Kent method der to minimize residual cloud impacts (e.g., Thomason et

L al., 1997b). This effect is one of the primary motivations for
The cloud/aerosol discrimination method developed by Kentproducing a modified form of the Kent method for this anal-
et al. (1993) (called the Kent method below) is based on theg ;g

observed SAGE Il 525 and 1020 nm aerosol extinction coef-

ficient distribution. These authors also recognized that many3 2 The new method

“thin” clouds were in fact cloud/aerosol mixtures and that the

transition from pure aerosol measurements to cloud/aerosdrhe modifications to the Kent method involve using a space

mixtures is a continuum rather than a discrete step. Thehange from 525 vs. 1020 nm aerosol extinction space to
method is predicated on the assumption that cloud/aerosdhe extinction ratio vs. 1020 nm aerosol extinction space that
mixtures have an extinction ratio approaching 1 (large parti-is analogous to the polar stratospheric cloud identification

cle size) whereas aerosol typically has an extinction betweeischeme developed by Pitts et al. (2009). In their approach,
2 and 5. The dividing line between the two types is expressederosol depolarization ratio and backscatter ratio are used

as a simple linear equation in the form with some straightforward statistical modeling to separate
aerosol from polar stratospheric clouds of various compo-
ksos = m (k — ki), @) sitions. Following their approach, we first distinguish be-

where m is slope of the line that divides aerosol and ‘_Wee” _the primary aerosql centrqid and enhancec_i e>_<tinc-
cloud/aerosol mixtures in 525 vs. 1020 nm aerosol extinctiontlon using a probably density function of aerosol-extinction-
coefficient space ang|; is the intercept of this line on the equud!ng meagu.rements yvhere the 525 to 1020 nm aerqsol
1020 nm extinction coefficient axis. While a detailed discus-e?(t'n.cuqn cgefﬁuent r_atlo_|s less than 2. An example of this
sion of the Kent method is beyond the scope of this paper, théj'smbult'or.] Is shown ml Flgoi S Jhe bgundarylbedtmfendthe
source of the values derived for the parameters is relativel)fleroso primary aerosof anc enhance aeraspls de INe
easy to understand. The parameteis roughly the 525 to as ka + 3Aka, Where Akg is the median absolute deviation
1020 nm extinction coefficient ratio that is most characteris-Of aerosol extinction coefficient with extinction ratio greater

tic of the primary aerosol centroid. For the distribution shown Lhar; f2 frort?ka. Vl/g If('ndbth?t :‘he Ifjct:or dOf 3is rezsg nlablylrzol-(
in Fig. 4, the equivalent value of would be~ 4.5. The value ust for above M but shou’d be decreased below m

for k;, along with the slope, helps to define the positive (hightO values ?S ?mall fashl.5. -tr:e f?ct(()jr“?f_lii was setlegted dbased
extinction) edge of the main aerosol centroid. on an evaiuation of where the cloud tail”originated and, as

Values ofm andk; are computed in as a function of al- such, is empirical, but we are generally pleased with the over-
1

titude, latitude, season and year. These coefficients have n | results. Nonetheless, the details of separating cloud and
been ’formally ,archived but they are available from the au_aerosol is steadfastly subjective. Within the UTLS and strato-

thors of this paper. The Kent method was used in the SAG phere, th? distr?butior? Is generglly quite narrow, more than
Il version 6.2 data set as one of the data quality flags. In the 5 % of points with extinction ratios greater than 2 lie below

variable space used in Fig. 4, the Kent method is expresseﬁP‘_ As will be shqwn belov_v, th|s fractlo_n deqreases at lower
as altitudes where higher extinction but still optically small par-

ticles (extinction ratio greater than 2) are more common. The
R—m— mk; 3) area greater thaky is subdivided using Eq. (1) except where
k the ratio, R, is offset from the aerosol centroid and notional

Figure 4 shows an example of the division between aerosof!oud path by an empirically selected valijeor

and cloud/aerosol mixtures based on the Kent method (dotted ;g .+ (1. — a) Raka
line). Since this plot includes data from multiple years and R = akot (L—a)k

latitudes, the curve (for DJF 2002) is not completely matched ¢ a
with the data plot. However, the results for the Kent method Generally, we find that values fo8 between 0.2 and

fit do not change significantly with latitude, and this curve is 0.5 are adequate to delineate between the upper limit of
typical of those found between 1999 and 2005. Generally, itcloud/aerosol mixtures and that the resulting aerosol analy-
shows that the Kent method is doing a good job separatinges are not sensitive to the value chosen (though some infer-
aerosol from cloud/aerosol mixtures, though it seems likelyences of cloud properties and occurrence can be significantly

+38. )

Atmos. Chem. Phys., 13, 4605616 2013 www.atmos-chem-phys.net/13/4605/2013/



L. W. Thomason and J.-P. Vernier: Improved SAGE Il cloud/aerosol categorization and observations 4611

T 1 T T 6 - . .
I 1999-2005 c I 1999-2005; Altitude: 18 km; DJF |
4000 |- i Altitude: 18 km; DJF S -
- ! g QO eSSl 000000 et
| | ">_<‘ "64_ A 4 o« @I <0 T
_ 3000 | ; e
3 i E €3
1S i o ©
=) L ! NE
zZ ! © “G_J
2000 | i S
I i 20 | Primary Aerosol
i 0
! N : he
1000 -_ E o | (.;Ioud/AerosoI Mixture
; 0 1 1 1
-5 -4 -3 -2 -1
0 . 1020-nm Extinction Coefficient (log10 of 1\km)
. T3 -2 -1 Fig. 6. A typical density function for SAGE Il aerosol extinction co-
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Fia. 5. The densitv of SAGE || | extincti fici density is scaled to a value of 1 at the peak value with contours
'g. 5. The density o aerosol extinction coefficient mea- ¢ g 3 'increments (0.9, 0.8, etc.) and additional contours at 0.05,

surements_at .18 km n I.D‘]F fo_r 1999-2005 for 525 to 1020 MMy 01, 0.005 and 0.001. The dotted line shows the approximate po-
f'ierosol ext!nctlon coefficient .ratlo gregter than 2. The dash-dot line ition of the “Kent method” cloud aerosol demarcation. The green
Is the location of the separatnlon of primary aerosol from enhancecﬁne shows the separation of primary aerosol (left) from enhanced
aerosol and cloud/aerosol mixtures. aerosol and clouds, while the red line (when right of the green line)
shows the separation of enhanced aerosol and cloud/aerosol mix-
tures. This line is determined by the location of the aerosol centroid,
affected). In practice, we use a fixed value of 0.4. Thethe nominal cloud centroid and Eq. (1) offset upward in extinction
purpose of the offset is to account for the spread in theratio bys (in this case, 0.4). The area denoted by a “W” is the wedge
aerosol/cloud mixture tail observed in Fig. 4. For higher region in which the distinction between aerosol and cloud/aerosol
extinctions, we would expect ratios very close to 1.0, but, mixtures is particularly ambiguous.
due primarily to measurement noise in the 525 nm extinc-
tion coefficient, we observe a spread of a few tenths in the
extinction ratio which needs to be accommodated. Obserfied out down to altitudes of 5km (the last altitude at which
vations with extinction coefficient greater thap and ex-  the 525 nm extinction coefficient is routinely reported); how-
tinction ratio lying above the lin® are designated as “en- ever, the quality of this measurement is suspect at 5km and
hanced aerosol” and most commonly occur below 10 km andbractically the analysis can be carried out no lower than 6 km,
at high northern latitudes in spring and summer. No matterwhile 8 km would be a more circumspect cutoff altitude. Due
how large the extinction these point exhibit, we do not be-to uncertainty in the fraction of clouds occupying the mea-
lieve that measurements lying within the enhanced aerosaurement volume, extinction coefficient values for observa-
area are compatible with cloud observations, and their obtions identified as aerosol/cloud mixtures should not be taken
served morphology (when and where they occur) is also conas representative of cloud extinction values under any cir-
sistent with being aerosol. Observations with extinction co-cumstance.
efficient greater thak, but with extinction ratio less thaR During the bulk of the “clean” period of interest in
are considered cloud/aerosol mixtures and for the purposethe following discussion, the parameters going into the
of the analysis below are excluded from further analysis.cloud/aerosol separation are not strongly dependent on sea-
These boundaries are shown in Fig. 6. Note that there is @on or latitude. There is significant dependence on altitude
wedge-shaped region in this figure (denoted by the letter Wparticularly below 10 km as aerosol levels even for the nom-
where classification of observations is problematic. In prac-inal primary aerosol increases. Figure 7 shows the altitude
tice, we count these as cloud/aerosol mixtures and excluddependence of two key parameteRs, and ko, for DJF be-
them from aerosol analyses since they have little impact ortween 1999 and 2005. The figure highlights the difficulty
the products shown below. On the other hand, other statisin separating clouds and aerosol in the lowest few kilome-
tics such as cloud frequency, particularly at altitudes aboveers of the SAGE |l data set as the extinction ratio decreases
15km, are impacted by whether we consider these events teapidly below 8km and is nearly 1.5 by 6 km. Since the
be cloud observations. We know of no practical way to makecloud/aerosol separation is strongly dependent on the extinc-
this judgment. Given the dependence on having both 525 antlon ratio, the lack of contrast between aerosol extinction ra-
1020 nm extinction coefficients, this analysis can only be car+io and cloud ratio is a limiting factor. Given the challenges to
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separating aerosol from aerosol/cloud mixtures, validation of 25 T T T 25
this methodology would be highly valuable. Unfortunately,
we find the large measurement volume associated with solar

occultation measurements (Thomason et al., 2003) and the 20 20
inhomogeneity of clouds on this scale make validation of this
method using ground-based or even aircraft-based measure’_g ’_g 15
ments extremely difficult, and adequate data for this study & °
does not currently exist. 3 3

In practice, we find that the new method yields results sim- < 1 < 10

ilar to the Kent method above 15 km and away from the trop-
ics. However, within the tropics and at lower altitudes, it is
clear (and can easily be surmised from Fig. 6) that some mea- 5 5
surements that should be classified as cloud/aerosol mixtures
are erroneously being classified as aerosol. Since these clas-

0 1 1 1 O 1 ]

sification differences preferentially occur at low latitudes, the g g I R R R ¥
impact of identifying these events as either cloud or aerosol 525 to 1020 Aerosol Log,, (1020-nm Aerosol
Coefficient Extinction Ratio Extinction Ratio(1/km))

has a significant impact on our following analysis. In addi-
tion, we find that enhanced aerosol, when it occurs, is ofterig 7 The vertical profiles of aerosol coefficient extinction ratio
misclassified as cloud/aerosol mixture by the Kent method centroid, Ra, (left) and the extinction coefficient value for the sep-
In general, we find that the new approach is less likely toaration of primary aerosol from enhanced aerosol and clots,
confuse aerosol and cloud/aerosol measurements particularlyight) for DJF between 1999 through 2005.
in the clean period for the late 1990s through the end of the
observations in 2005. It is not clear that either method works
particularly well (or that it is possible for them to do so) in
the heavily volcanic period in the early 1990s where the ex-tude region and masked its presence. The development of
tinction ratio for aerosol is close to 1. It is theoretically pos- the new cloud/aerosol discrimination method has greatly re-
sible to continue analysis with only the 1020 nm extinction duced this problem. The second issue is that, particularly af-
coefficient, for instance, by usirig as the sole discriminator ter 2000, the density of observations by SAGE Il over Asia
between aerosol and cloud. We find that it is inevitable that(as well as over Africa and South America) are so sparse as to
enhanced aerosol will be counted as cloud with the potenmake detailed analyses extremely challenging. The analyses
tial for substantially confusing any analysis of aerosol and/orof CALIPSO data shown in Vernier et al. (2011b) are made
cloud properties. For this reason, we find the use of a sinin 16-day, 2 latitude x 2° longitude x 200 m resolution.
gle wavelength method at any altitude to be of questionabléNhile this yields a somewhat noisy analysis, the presence of
value. the ATAL feature is clearly visible in July—August observa-
tions throughout the CALIPSO mission (2006—present). Un-
fortunately, SAGE Il simply does not make sufficient mea-
4 Observations of the Asian tropopause aerosol layer surements to approach this resolution in any meaningful way.
Instead the following analyses are based on seasonal statis-
While highly variable in intensity from year to year, tics (by months) with a spatial resolution of “Ltitude x
CALIPSO observations have consistently shown the pres24° longitude x 0.5km. We use medians to select the value
ence of an aerosol enhancement within the Asian monsooneported in each bin. In individual years, mean and median
anticyclone. This layer appears as early as May and persiststatistics are very similar. In the multiyear analysis, some
as late as September but is primarily a JJA phenomenon; iepisodic events, particularly in 2003, have a large impact on
is correlated with the Asian monsoon anticyclone (Vernier etthe analysis, and the median analysis is generally more rep-
al., 2011b) and is also well correlated with enhancements ofesentation of the period as a whole. For single-year analy-
CO and HNQ as reported by Randel et al. (2010). The spa-ses prior to 2000, depending on the specific year and sea-
tial extent was observed to lie between 14 and 18 km and beson, the analysis resolution puts between 20 and 60 points
tween roughly 15 and 33N and 0 and 150E. While SAGE  into each bin with some high-latitude bins completely with-
Il observations extend for over 20 yr, no previous analysisout data (i.e., the winter hemisphere). While it is possible for
of SAGE Il over southern Asia has suggested the presencthe bin values to be controlled by outliers, by-hand inspection
of the ATAL aerosol. Part of the reason for this is due to of many grid boxes, particularly of the ATAL feature, indi-
the performance of the Kent method that led to mixing of cate that the final analyses are representative. For individual
purely aerosol observations with cloud/aerosol mixture ob-years after 1999, the analyses have a number of unpopulated
servations. This added a non-aerosol enhancement to aerosml minimally populated bins in the subtropics, making de-
extinction coefficient depictions throughout the ATAL alti- tailed analyses of ATAL considerably more difficult.
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Fig. 8. Seasonal depiction of 1020 nm aerosol extinction coefficient ;g g geasonal depictions of median aerosol extinction coefficient

ratio (relative to molecular) for 1999-2005 at 16 km. Contour levels

) ratio (relative to molecular) for SAGE Il observations between 1999
are drawn at 0.1 increments from 1.5 to 2.2.

and 2005 between 15 and 4N. Contours are drawn every 0.05
from 1.4 to 3.0.

Figure 8 shows the 1020nm aerosol/molecular
extinction ratio (1020nm aerosol extinction coef-
ficient divided by molecular extinction coefficient that this enhancement consists of small, solid particles
plus 1) for 16km at the grid resolution shown unlike ATAL, which is likely to be small liquid aerosol. In
above for DJF (December/January/February), MAM all seasons, except JJA, the subtropics and mid-latitudes are
(March/April/May), JJA (June/July/August) and SON found to be at low aerosol/molecular extinction coefficient
(September/October/November) for the combined 7 yr beratio values. In JJA, however, we observe the largest the
tween 1999 and 2005. We use the extinction ratio in this andextinction coefficient values, outside of regions affected by
subsequent plots since it is as close to an aerosol “mixingPSC presence, over southern Asia, particularly India and
ratio” as SAGE Il measurements permit and as such is lessnainland Southeast Asia. In this area, the aerosol extinction
sensitive to altitude changes and is generally easier to infecoefficient increases from between 1.5 and 1.75 during
relative changes from than extinction coefficient depictions.the other 3 seasons to over 2, or a 50 to 100 % increase in
In these plots, we found a general increase toward highethe aerosol component. The magnitude of the increase and
latitudes generally associated with crossing from the uppegeographic scope of this feature is extremely compatible
troposphere at low latitudes to the lower stratosphere atvith the ATAL feature found in the CALIPSO analysis by
higher latitudes. SAGE Il observations routinely show the Vernier et al. (2011b) but extends further east180 E)
tropical upper troposphere to have lower aerosol extinctionthan the layer found by CALIPSO analysis- 150 E).
coefficient levels than the overlying stratosphere. In addi-The expanded eastward extent may be partly related to the
tion, the influence of polar stratospheric clouds has someeduced horizontal resolution (relative to CALIPSO) of the
influence in the winter/spring hemisphere in the SouthernSAGE Il analysis.
Hemisphere. Most PSC types (supercooled ternary solution Figure 9 shows the seasonal vertical cross section of the
(STS) and nitric acid trihydride/STS mixtures) are generally aerosol/molecular extinction ratio for JJA for latitudes be-
identified as “aerosol” by the aerosol/cloud separationtween 15 and 45N as a function of longitude and altitude for
method (whereas ice PSCs are generally identified ashe 7yr from 1999 through 2005. During the non-NH sum-
clouds) and are included in this analysis as aerosol. At lowmer months, we observe little evidence of a discrete aerosol
latitudes, we observe an enhancement of aerosol near tHayer between 14 and 18 km (ATAL altitudes) for any longi-
equator that is spatially associated with Africa and to atude or altitude, though there is a weak enhancement in the
lesser extent South America. Since this feature is strongedtastern Hemisphere in MAM and SON which may reflect
in September/October/November (SON) when biomasgshe May-to-September lifetime of ATAL found by Vernier et
burning is most intense in equatorial Africa (Roberts et al.,al. (2011b). Generally, the aerosol/molecular extinction co-
2009), it is probably associated with that phenomena. Sincefficient ratio mostly increases monotonically upward from
a corresponding feature does not appear in the CALIPSQL2 km across the tropopause and into the stratosphere where
data where cloud/aerosol discrimination is based on depothe highest ratios are observed. In this analysis, episodic mi-
larization (effectively a solid/liquid difference), it is possible nor volcanic events do not have a substantial effect except in
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the SON analysis around 20 km which reflects an influence (2) JUA 1989 (b) JUA 1997

by the September 2002 Ruang eruption. On the other hand, . |
a significant aerosol enhancement in the JJA analysis in theg 4 ]

same altitude range as ATAL is observed by CALIPSO be- £ &
ginning in 2006. The layer extends from about 0 to 160 <1
is centered between 14 and 18 km and thus has a similar spa- .,
tial extent as that observed by CALIPSO. The entire latitude

band shows enhanced aerosol relative to the other seasons,
and there is a suggestion of an ATAL-like feature ne&r\80

180

22

but it is much weaker and of significantly smaller extent. 1
Overall, we find that the 1999-2005 analysis supports the < *
presence of the ATAL in this period. "

Vernier et al. (2011b) found that the ATAL was highly vari-
able from year to year even beyond the effect of volcanic
activity. Similar analyses by SAGE Il are difficult and poten- Fig. 1_O.JJA depictions of median aerosol extir_lction coefficient ratio
tially noisy, but the potential to extend the ATAL record as far (félative to molecular) for SAGE Il observations beween 15 and
back as the 1980s is desirable. Unfortunately we find that thz45 N forindividual years: 198%a), 1997(b), 1998(c), and 1999

. . . . d). Contours are drawn every 0.1 from 1.4 to 4.0.

stratospheric loading and its subsequent impact on the upper
troposphere effectively eliminate a number of years due to
high in situ levels in the UTLS that overwhelm ATAL levels
observed in the 2000s. As a result, we are only able to probackscatter ratio frequency density plots used in Vernier et
duce useful depictions for a few years in the late 1980s andil. (2011b). In that paper, the authors found that the backscat-
then 1996 through 1999 (until the reduction to a 50 % datater ratio density function within the main ATAL region in-
rate). SAGE Il operations were terminated in August 2005creased by about a factor of two between DJF and JJA with-
and very little low latitude data is available for that JJA pe- out an appreciable change in the shape of the distribution in
riod. Figure 10 shows the single-year analyses for JJA for2006 through 2008. The outlier in that analysis was the heav-
1989, 1997, 1998 and 1999 (the last year in which SAGE llily volcanic year 2009 which showed the largest increase and
operated using a complete duty cycle during JJA). We ob-a significant perturbation to the shape of the density function.
serve that both 1989 and 1997 do not show any evidence ofn Fig. 11, we show the density functions of the 1020 nm
an aerosol enhancement at ATAL longitudes and, in fact, tendherosol extinction within the ATAL region and, in Fig. 12,
to support the 14 to 18 km region as a minimum in aerosolan associated scatter plot of 1020 nm extinction coefficient
loading. Analyses for 1990 and 1996, not shown, also do notersus the 525 to 1020 nm aerosol coefficient ratio for a se-
suggest the presence of the ATAL. In fact, the entire 14 tolection of years between 1989 and 2005, focusing mostly on
18km region in the 1999-2005 analysis (Fig. 9¢) shows athe late 1990s through the end of the SAGE Il record. In this
considerably higher aerosol extinction coefficient than any ofcase, we follow the analysis by Vernier et al. (2011b) and
the 4 yr shown in Fig. 10. The years 1998 and 1999 do showuse all SAGE Il observations between 5 and<1B515 and
some enhancement in the areas over Asia. In 1999, there is46° N, and 15 to 17 km. In each plot we show both the MAM
distinct layer near 18 km; the aerosol seems to be associateahd JJA analyses. In Fig. 11, the density functions show an
with recent volcanic activity or other episodic events (e.g.,increase from MAM to DJF in extinction coefficient between
eruption of Mayon, Philippines, June 1999) and persists inta1999 and 2004. Some of these years show increases on par
2000, which is unlike the short lifetime of the ATAL-related with those found (for backscatter ratio) in the CALIPSO
aerosol. This event may be the source of aerosol reportednalysis ¢ 2), but a few show much larger increases. Sim-
by Tobo et al. (2007) and Kim et al. (2003). Similarly, the ilar to 1999, it seems likely that at least 2003 is the result
feature in 1998 at 17 km and near°® is also the prod- of an episodic event though we cannot identify its source.
uct of an episodic event (possibly material from eruptionsUnlike most ATAL features which dissipate rapidly in SON,
by Soufriere Hills or Colima) as it continued to intensify into the 2003 feature strengthens into the fall though the observa-
SON before dissipating by DJF, again unlike the charactertions may suggest some trapping of material within the Asian
istic ATAL behavior. There may be some hints of an ATAL monsoonal circulation (Bourassa et al., 2012). One concern
feature in 1999 between 14 and 17 km near°I®0but they  with the analysis would be that clouds are still slipping by the
are not very compelling. analysis and artificially creating an aerosol feature. The scat-

While for individual years 2000 and later easily inter- ter plots shown in Fig. 12 clearly demonstrate that this is not
pretable plots like those in Fig. 10 are difficult to produce, the case. While the aerosol points are essentially the same
it is possible to infer the presence of ATAL using extinc- between seasons in 1989, 1990, and 1997, there is a clear
tion coefficient frequency density functions similar to the shift in the position of the core aerosol in the plots for 1999
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Fig. 11. Aerosol 1020 nm extinction coefficient density as a func- Fig. 12. Scatter plots of SAGE Il measure 525-1020 nm aerosol
tion of extinction coefficient for selected years between 1989 andextinction coefficient ratio to aerosol 1020 nm extinction coefficient

2005. Data from MAM is shown in red while data for JJA is shown density for selected years between 1989 and 2005. Data from MAM
in black. is shown in red while data for JJA is shown in black.

through 2005. While there are obviously many more cloud5 Conclusions

events in JJA than MAM, the primary shift in extinction co-

efficient occurs for aerosol extinction ratios above 2, whichAn improved method for identifying SAGE Il observation in
are almost certainly aerosol. It is worth noting that prior to the upper troposphere influenced by the presence of clouds
1999, the aerosol extinction coefficient between MAM and has been developed. The new method significantly reduced
JJA was never observed to increase within the ATAL zone.the influence of clouds on the inference of aerosol properties
Some of this is due to the long recovery from Pinatubo par-in the UTLS. We have applied this new method to analyses
ticularly immediately after the eruption; however nothing in of aerosol in the Northern Hemisphere subtropics where
the SAGE Il data set suggests an ATAL feature before 19990bservations by CALIPSO have revealed enhanced aerosol
Unlike from 1997 and earlier, extinction density distributions associated with Asian monsoon. This enhancement, called
starting in 1999 are always shifted toward larger extinctionthe Asian Tropopause Aerosol Layer (ATAL), appears in
values with the exception of 2005 (not shown) wherein Au- every year of the CALIPSO lifetime and is clearly present in
gust data is missing. Some of these functions have multipléhe 1999-2005 SAGE Il analysis. Individual year analysis
peaks; the reason for this change in shape is not clear anshows no indication of the ATAL in the SAGE Il data prior

it is unlike the behavior exhibited in the CALIPSO analy- to 1998. During the period of 1999 through 2005, the SAGE
ses. Overall, we observe behavior in the SAGE Il data that idl analysis is generally consistent with the existence of an
very similar to CALIPSO ATAL observations in 1999, 2000 ATAL-like feature. Based on this analysis, we conclude that
and 2002. The behavior is similar to CALIPSO, except for ATAL is a relatively recent phenomenon (1999 and later).

a change in shape, in 2001 and 2004. The SAGE Il analysis

does not observe an ATAL-like aerosol enhancement in 2005:dited by: G. Stiller

(when August data is unavailable) or in JJA 2003 where the

enhancement is much larger than any SAGE Il or CALIPSO

ATAL enhancement. Based on this analysis, we conclude that

SAGE Il suggests that the ATAL aerosol feature did not ex-

ist prior to the late 1990s but that there is sufficient evidence

from the SAGE Il data to indicate its presence from 1999

onwards.
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