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Abstract. Herein, we provide an assessment of the data qualef 15% accuracy and 10% precision between 15 and 45 km.
ity of Stratospheric Aerosol and Gas Experiment (SAGE Ill) SAGE Ill water vapor data does not appear to be affected by
Version 4 aerosol extinction coefficient and water vapor dataaerosol loading in the stratosphere.

products. The evaluation is based on comparisons with
data from four instruments: SAGE lI, the Polar Ozone and
Aerosol Measurement (POAM 1), the Halogen Occultation ¢
Experiment (HALOE), and the Microwave Limb Sounder

(MLS). Since only about half of the SAGE Il channels The Stratospheric Aerosol and Gas Experiment (SAGE 1)
have a direct comparison with measurements by other ingontinues the long SAGE series of solar occultation instru-
struments, we have employed some empirical techniques tghents (SAGE, 1979-1981; SAGE II, 1984—2005) that pro-
evaluate measurements at some wavelengths. We find thafce high vertical resolution ozone and multi-wavelength
the aerosol extinction coefficient measurements at 449, 52Gstratospheric aerosol extinction coefficient profiles. In com-
755, 869, and 1021 nm are reliable with accuracies and prepjnation with other satellite (e.g., the Halogen Occultation
cisions on the order of 10% in the mission’s primary aerosolgxperiment) and in situ instruments (e.g., ozonesondes), the
target range of 15 to 25km. We also believe this to be trueSAGE series has provided crucial observations in under-
of the aerosol measurements at 1545 nm though we cann@kanding global ozone trends (WMO, 2003) and the impact
exclude some positive bias below 15km. We recommenchf yolcanoes and human activities on stratospheric aerosol
use of the 385 nm measurements above 16 km where the agayels (SPARC, 2006).

curacy is on par with other aerosol channels. The 601nm | jke its predecessors, SAGE Ill measures line-of-sight
measurement is much noisier20%) than other channels transmission profiles through the limb of the Earth’s atmo-
and we SuggeSt Caution in the use Of these data. We belieVﬁ)here using the Sun as the radiant source. Due to the or-
that the 676 nm data are clearly defective particularly aboveyjt of the Meteor 3M platform, SAGE Il profiles are re-
20km (accuracy as poor as 50%) and the precision is als@tricted to bands in the Northern and Southern Hemispheres.
low (~30%). We suggest excluding this channel under mostn the north, observations are made ne&r!8@n March and
circumstances. The SAGE Il Version 4 water vapor datanovember, near 6N in January, and near 48 in July. In
product appears to be high quality and is recommended foghe Southern Hemisphere, observations are made ne& 30
science applications in the stratosphere below 45 km. In thigp January and near 6@ in July. The multispectral trans-
altitude range, the mean differences with all four corrobo-mjssjon profiles are used to retrieve vertical profiles of the
rative data sets are no bigger than 15% and often less thagglecular density of ozone and NOwater vapor mixing
10% with exceptional agreement with POAM Il and MLS. ratio, and aerosol extinction coefficient at 9 wavelengths be-
Above 45km, it seems likely that SAGE IIl water vapor val- tween 384 and 1545nm (Table 1). The first public release
ues are increasingly too large and should be used cautiouslyf SAGE I1I solar occultation data (Version 2) took place in
or avoided. We believe that SAGE Ill meets its preflight goal pecember 2002 followed by the release of Version 3 in April
2004. The quality of aerosol extinction coefficient data in
these versions was reported by Thomason and Taha (2003)

Correspondence td:. W. Thomason and Thomason et al. (2007). The utility of the multispec-
BY (l.w.thomason@nasa.gov) tral extinction coefficient data set was established by Poole et
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Table 1. SAGE Il aerosol extinction coefficient channel locations, nine Wavelgngths. Due to orbital considerations, spacecraft
width, and validation source: POAM Il (PIll), SAGE II (Sli), spec- Sunset profiles were made betweert H5June) and 80N

tral ratio (SR), and interpolation (1). (February/October) while spacecraft sunrise events occurred
between 30S (January) and 66 (May). All events in the

Central Number of EWHM Validation Southern Hemisphere are astronomical sunsets. In the North-
Wavelength (nm)  pixels (nm) Source ern Hemisphere, the events are astronomical sunsets as well
3845 5 6.1 PIII(353), SII(385), SR except dur_ing winter where the §pacecraft sunset events oc-
4485 4 5.2 PIII(442), SII(452) curred during astronomical sunrise.
520.3 5 6.1 SlI(525)
601.2 3 4.3 1,PI1(601) 1.2 The aerosol extinction coefficient product
675.6 5 6.1 |
755.4 5 6.0 L,PII(779) _— . .
869.3 5 6.2 | Aerosol extinction does not have an independent retrieval al-
1021.6 6 7.8 PIII(1018), SI1(1020) gorithm but is instead a by-product of the retrieval of ozone
1545.2 filter 29.8 SR and NQ (SAGE Il ATDB, 2002). We report aerosol ex-

tinction at 9 wavelengths distributed fairly evenly between
385 and 1545 nm as shown in Table 1. Aerosol “channels”
are produced by averaging the LOS transmission from 4 or
al. (2003) who demonstrated the ability to infer some micro-more adjacent pixels in the detector array except at 1545 nm
physical properties of polar stratospheric clouds. Ozone datavhere the channel is measured in the zero-order of the spec-
quality for Version 3 was reported by Wang et al. (2006). Wa-trometer using a filter and a single InGaAs detector. At each
ter vapor was not included in either Version 2 or 3. SAGE Il of the 9 channels, aerosol extinction is derived by removing
can also operate in a lunar occultation mode that uses ththe effects of molecular scattering, ozone absorption (partic-
Moon as the radiant source or the illuminated atmosphere irularly for channel wavelengths at and less than 755 nm), and
limb scatter mode. Rault (2005) and Rault and Taha (2007NO absorption (particularly for channel wavelengths at and
discuss the limb scatter retrieval process and ozone data qudkss than 601 nm). The molecular density is derived from
ity, respectively. An evaluation of SAGE Il Version 3 lunar the Global Modeling and Assimilation Office (GMAO) me-
occultation ozone, Ng and NG data products can be found teorological analyses (Bloom et al., 2005) while ozone and
in Wang et al. (2009). NO; are derived from multi-linear regression using 19 indi-
In June 2008, Version 4 SAGE lIl data products were re-Vvidual pixel channels between 433 and 450 nm ¢gNénd 10
leased including the initial release of a water vapor data prod3-pixel average channels between 562 and 621 nm (ozone).
uct. Herein, we evaluate the aerosol extinction coefficientsThe precision and accuracy of the aerosol product is tied
and water vapor data products through comparison with into the measurement noise in the channel, the quality of the
dependent data sets from other spaceborne instruments an@MAQO density product, the noise and bias in the retrieved
in the case of the aerosol product, internal self-consistencyozone and N@, and the consistency of the cross sections
Version 4 ozone and NOdata products are evaluated in a used in the ozone/NOmulti-linear regression retrieval and
separate document (Wang et al., 2009). Lunar occultatiorthose at the aerosol channel wavelengths. While this latter
does not include aerosol or water vapor data products angondition is not immediately obvious, it is nonetheless im-

therefore is not discussed in this paper. portant. For instance, in Version 3 we found that the 755 nm
aerosol extinction exhibited anomalous extinction that was
1.1 The SAGE Ill mission strongly correlated to the concomitant ozone number density

(Thomason and Taha, 2003) and suggested a cross section
SAGE Il was launched in December 2001 aboard the Rus-error of about 10% at 755 nm relative to the center of the
sian METEOR 3M spacecraft. Data was acquired from theChappuis ozone band. In Version 4, this issue was mitigated
instrument from February 2002 until the end of the spacecrafby replacing the ozone cross sections of Shettle and Ander-
mission in March 2006. As an intermediate solar occultationson et al. (1994) and Burkholder and Talukdar (1994) with
product, line-of-sight (LOS) transmission profiles from 0.5 to those reported by Bogumil et al. (2003). This data set has the
100 km at 87 wavelengths distributed from the ultraviolet to advantage of having been measured throughout the SAGE IlI
the near infrared are computed by dividing observed throughmeasurement wavelength range using a single consistent in-
the-atmosphere brightness by values measured on paths (tastrument. Since aerosol loading throughout the SAGE Il
gent heights>100 km) that are not affected by atmospheric lifetime is very low, there remains the potential for small
attenuation (J). The transmission profiles are produced on anomalies in the aerosol extinction coefficient product re-
a 0.5-km grid with an estimated 0.7 km vertical resolution lated to inhomogeneity in the quality of the cross section data
(SAGE 1l ATDB, 2002). The ensemble of LOS transmission particularly at wavelengths where the ozone cross sections
profiles is used to produce vertical profiles of ozone,,NO are small but ozone absorption still significantly contributes
and water vapor as well as aerosol extinction coefficient ato the total optical depth (e.g., altitudes above 25km). It
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is also important to keep in mind that while the individual

S 30
aerosol extinction coefficient channels are not completely in- § »0
dependent from the others, no functional form for aerosol ex- 3
tinction variation with wavelength is imposed on the aerosol § s
spectra. The target precision and accuracy for long wave- °
length aerosol extinction coefficient profiles were 5% from 0 g
to 40 km (SAGE Ill ATDB, 2002). g

=}
1.3 The water vapor product <

The SAGE Ill water vapor absorption band (referred to as
the po r band) is relatively weak in the stratosphere and the
peak absorption for the band at SAGE Il resolution exclud-
ing interfering species is only about 1% for a limb observa-
tion with a tangent altitude near the tropopause. As a result,
water vapor retrievals using this band are challenging. The
SAGE Il water vapor product was primarily dependent on a
single~30-nm wide channel located in the t water vapor

absorption band. This product has well known data quality € s
issues due to the combination of the weak band strength, theif;20
need to account for an apparent drift in the 940-nm channel 3
spectral response as well as the precision required to clear<

Altitude (km)

Altitude (km)

10
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~a&?ﬁym R

aerosol and ozone effects (Thomason et al., 2004). Remov- 2002 2003

ing aerosol effects (“clearing”) is dependent on interpolat- Year

ing between relatively widely spaced aerosol extinction mea- o o

surements at 525 and 1020 nm. Fig. 1. SAGE Il aerosol extinction coefficient at 3§&), 520(b),

. . . 676(c), 869(d), and 1545 nnte) from February 2002 to December
For SAGE Il, a conscious effort was made to mitigate is 2005 in bins of 0.02 years by 0.5 km requiring at least 5 data points

sues that_ had a Fieleterlous Impacj[ on SAGE I water Vapo‘ber bin. Isopleths of extinction coefficient (1/km) are given every
data quality. For instance, the nominal water vapor measureq s cycles of log base 10; color contours are given every 0.1 cycles

ment employs 28 individual pixels (Or.Channe"S) on the specfjog base 10. The lowest values of extinction coefficient are shown
trometer’'s CCD (charge-coupled device) detector that covegs dark blue and the largest values are shown as yellow.

the wavelength range from 933 to 958 nm or nearly span-
ning the pot water vapor absorption band. The channels
are spaced-1.0 nm apart and the full width-half maximum would be more than adequate to estimate aerosol extinction
(FWHM) for the individual channels is 1.2 nm and the mea- in the water vapor channels. The target precision and ac-
surement precision is close to 0.1%. As a part of the routinecuracy for water vapor were 15 and 10% from 5 to 50 km
data processing scheme, a spectral calibration is performe@SAGE Il ATDB, 2002). Unfortunately, we found that both
during each sunrise and sunset encountered by the spacecraférsion 2 and 3 water vapor products were of considerably
Using this capability, we found that the in-flight calibration lower quality than expectation and were therefore not re-
was shifted relative to the ground-based calibration by abouteased to the public. Changes in the Version 4 processing,
0.4nm. While it was possible to use a unique spectral cali-particularly decreasing noise in the LOS transmission and
bration for each event, in practice minimal movement of theimproved ozone cross sections, have produced a water vapor
channel locations was observed during the SAGE Il missiondata product that is close to preflight expectations and allow
and a single calibration is used in data processing. its release in this version.

Prior to Version 4, the basic water vapor retrieval algo-
rithm removed aerosol contributions in the water vapor chan-
nels by interpolating from nearby aerosol channels (e.g., 7552 Aerosol extinction coefficient evaluation
869, and 1021 nm) and removed ozone using the value in-
ferred from the Chappuis band centered 600 nm. This is simFigure 1 shows a subset of SAGE Il aerosol extinction co-
ilar to that used in the SAGE Il retrieval method (Thomason efficient channels (385, 520, 676, 869, and 1545 nm) depict-
etal., 2004). The residual optical depth is then used to infer ang aerosol variation in Northern Hemisphere from Febru-
profile of water vapor mixing ratio using a global fit approach ary 2002 through December 2005. The plots are character-
similar to the method described by Marquardt (1963). Weistic of a relatively quiescent period with no large volcanic
felt that the abundance of aerosol channels around the watevents during this period. The variations are primarily driven
vapor feature (particularly those at 755, 869, and 1021 nmpy the slow variations in the latitude and season of these
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measurements, seasonally dependent transport from low latPV and other dynamical information have been produced by
tudes, and by occurrence of polar stratospheric clouds (PSC<$}loria Manney (Manney et al., 2001) using National Cen-
in the winter. For instance, the strong gradient between theers for Environmental Prediction (NCEP) analyses and are
clean stratosphere and the hazier troposphere moves frorvailable aftp://mls.jpl.nasa.gov/pub/outgoing/mannd/
around 12km in the summertime mid-latitudes to aroundis included as a part of the POAM lll data files. We find a
7 km during the Arctic winter, essentially tracking the change handful of coincidences by these criteria where the latitude
in the height of the tropopause. PSCs are observed in all thredifference approaches 1and including these points notably
winters though vary substantially from year to year. increases the standard deviation of the comparisons. As a re-
Aerosol validation is difficult because there is no standardsult, we include a limit of a @ difference in latitude. We also
measurement with which to compare. All occultation instru- eliminated all coincidences where relative errors are greater
ments have historically validated aerosol data by comparinghan 75%. The value used for the relative error limit makes
with each other and a handful of other space-based instruvirtually no difference in the quality and quantity of matches
ments (e.g, the Improved Limb Atmospheric Sounder (ILAS) except above 22 km where significant numbers of POAM Il
II). For SAGE lll, a number of aerosol extinction channels events are eliminated by a criterion more restrictive than that
have no corresponding measurement from any other instrurequired by the SAGE instruments. As reported by Lumpe
ment. Validation with other kinds of instruments is equally et al. (2002) POAM III extinction measurements report sig-
problematic. Lidar is possibly useful for heavily loaded peri- nificantly larger uncertainties, particularly at 1018 nm, than
ods but for the SAGE Il lifetime, stratospheric aerosol levels those reported to be associated with either SAGE data set.
were at historic lows and corresponding lidar backscatter ra- Following Thomason et al. (2007), for matched events the
tios were often less than 1.04 (only 4% of the signal comesmean and standard deviation are computed based on the ratio
from aerosol) and converting from a backscatter measureef individual matched pairs rather than absolute extinction
ment to extinction is not trivial considering the level of pre- values. We perform our statistical averaging on the ratio,
cision/accuracy required for validation. Similarly the Strato- of the data pairs as given by
spheric Processes and their Role in Climate (SPARC) As- X
sessment of Stratospheric Aerosol Properties (SPARC, 2006) = ksace (%) 1)
demonstrated that the University of Wyoming Optical Parti- ki(2)
cle Counter (the OPC whose extensive data set spans the erhere ksace 11(1) is the aerosol extinction coefficient for
tire space-based data set) cannot be reliably used to produGAGE Il andk; () is the corresponding aerosol extinction
useful aerosol extinction coefficient measurements particucoefficient at wavelength for either SAGE 1l or POAM |lI.
larly at long wavelengths during low loading periods. As a Since the dynamic range of observed extinction at a given al-
result, our ability to validate SAGE Il aerosol extinction co- tjitude is between a factor of 3 and 10, there is a tendency for
efficient data at the target accuracy and precisions (5%/5%jhe largest extinction pairs to dominate the statistical com-
is limited. We have used a variety of methods for the evalu-parison when absolute extinction is used. However, the per-
ation for the 9 channels. This includes measurement spacdormance at smaller values is often a better measure of the
based instrument comparisons (SAGE Il and POAM llI) at robustness of the measurements and, therefore, of at least
385, 449, 520, 601, 755 and 1021 nm and comparisons intefequal importance in evaluating the SAGE Il aerosol extinc-
nal to SAGE Il (effectively consistency tests) at 385, 601, tion coefficient product. Performing statistics on the ratios
755, 869, and 1545nm. We included internal tests at 385(0r percentage differences) gives equal weight to large and
601, and 755 due to some concerns about the quality of themall values. An additional factor to note in the following
data available from other instruments at those Wave|engths.comparisons is that some differences between channel pairs
To match events with SAGE Il and POAM lll, we have can result from the small wavelength differences in the chan-
used the criteria used in Thomason et al. (2007) and similar thel pair locations. For e)(amp|e7 the angstrom coefficient
those used in other comparisons (e.g., Randall et al., 2001¥or the observed stratospheric aerosol extinction coefficient
This defined a coincidence at a given altitude for eventsspectra is typically between 0 and 2. As a result, the dif-
within +£1 day, £24° longitude, and+5% of the poten-  ference between the SAGE Ill/Il 449 nm/452 nm pair should
tial vorticity (PV) range observed in the SAGE Il Northern pe between 0 and +1.5% while for the SAGE I1I/POAM IlI
Hemisphere data. The PV value is very roughly the equiva-(442 nm) pair it should be betweer8 and 0%. Other match-
lent of a 2 range in latitude. PV is a dynamical tracer and is ing pairs (Table 1) with noteworthy wavelength differences
more useful than latitude for matching event locations sinceinclude the POAM HII/SAGE Il pairs at 353/385 nm (an 8%
it can better characterize the air mass in which the measureyavelength difference) and 779/755 nm (a 3% difference).
ments were made particularly in the presence of strong PVThese differences are not accounted for in the comparisons
and species gradients across the edge of the wintertime pol&hown in this document.
vortex. We have found that using PV substantially reduces
the variance with little impact on the mean in matched data
sets. SAGE lll and SAGE Il auxiliary data sets which contain
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Fig. 2. Comparison of coincident pairs at 20km for SAGE Il Fig. ,3' Comparison of coinci(;ient. pairs at .20 km er SAGE il
version 4 1020-nm aerosol extinction coefficients with data from Version 4 449-nm aerosol extinction coefficients with data from

SAGE Il (a) and POAM Il (b). For frame (a), a total of 1101 SAGE Il at 452 nm(a) and POAM Il at 442 nm(b). For frame

matched points were used with a mean of 0.891 and a standard dé"-")‘ 1101 mqtched points were used with a mean (,)f 1.006 and a
viation of 0.164. For frame (b), the number of points used is 17985tandard deviation of 0.193. For frame (b), 1805 points were used

with a mean of 1.329 with a standard deviation of 1.003. with a mean of 1.167 and a standard deviation of 0.450.

2.1 Comparisons with SAGE Il and POAM I ment (SAM 1) and SAGE Il data. POAM Il shows a less
pronounced aerosol extinction reduction at this wavelength
For most channel pairs and altitudes, we found aboutthough it is not clear how much the noise in this channel
1100 SAGE Il/lll matched pairs and about 1800 for is masking otherwise more typical results. Figure 3 shows
POAM III/SAGE lIl. Figure 2 shows results for the compar- the matching comparison at 449 nm. In this case, the com-
ison of SAGE Il 1020-nm and POAM IIl 1018-nm aerosol parisons of the SAGE Ill 449 nm extinction coefficient with
extinction coefficient with that for 1021 nm for SAGE Il at SAGE Il (452nm) and POAM Il (442nm) show a more
20km. For this wavelength, the results shown in Fig. 2 areconsistent behavior across the extinction coefficient range
typical of all altitudes; the SAGE II/Ill comparisons (Fig. 2a) observed by the instruments. The bulk statistics show that
show a difference of about 10% (SAGE IIl smaller) with a SAGE Il extinction coefficient at 20km is very close to
standard deviation of about 15% and a correlation of 0.76 SAGE Il values (+0.6%) with a standard deviation of 19.3%
For the POAM Il and SAGE Il comparisons (Fig. 2b), we and correlation of 0.66; relative to POAM lll, the mean dif-
observe differences of about 30% (SAGE Il smaller) with a ference is—16.7% with a standard deviation of 45.0% and
standard deviation of near 100% and a correlation of 0.41correlation of 0.75. Unlike at 1021 nm, the SAGE Il and
The POAM III/SAGE |l comparisons show more variation POAM lll agreement at 449 nm is not a strong function of ex-
with altitude than for SAGE /Il comparisons). The large tinction. At 1021 nm under the low aerosol levels observed
differences and standard deviation are driven by relativelyduring the entire SAGE Ill mission, the fraction of the to-
large noise throughout the dynamic range of measurement&l LOS signal coming from aerosol is about 50% from the
and a systematic difference when the SAGE Il extinction tropopause to 25 km (Thomason et al., 2008) and, as a resullt,
coefficient is less thans210-°km~1. The apparent bias at good agreement between the three instruments is expected.
low aerosol extinction is primarily driven by events occurring On the other hand, at 449 nm the fraction of the signal from
within the Arctic vortex (where matches with SAGE Il are aerosol is less than 10% and therefore a more challenging
unfortunately sparse). Within the vortex, SAGE Il typically measurement.
reports low extinction at all wavelengths which is consistent Figure 4 summarizes the comparison of SAGE Il aerosol
with observations reported by Kent et al. (1985) and Thoma-extinction coefficient at the 6 wavelengths where either
son and Poole (1994) using Stratospheric Aerosol MeasureSAGE 1l and/or POAM Il extinction measurements are
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e tween 30 and 50% (above 14 km) and the correlation is be-
ssonp tween 0.4 and 0.75 above 14 km.
AN Aerosol extinction measurements around 385 nm are par-
20 ticularly difficult due to the substantial molecular scatter-
ing contribution to the total LOS optical depth and the LOS
5 optical depths are typically noisy because the solar disk is
s ‘01‘6“”6; - 051 . more structured at short wavelengths than in the visible due
once . Relatve Differance. to the increased contrast of the solar granules. As a result,
NSV we do not recommend using aerosol at this wavelength be-
low 15 km though it is reported to the lowest altitude avail-
able (~10km). The 385nm channel is a weak member
of the SAGE Il aerosol extinction coefficient ensemble and
is not used in any aspect of the SAGE Il data processing
R S (S (e.g., ozone retrieval) (SPARC, 2006) and so is not a robust
101t 10l e 10l tool by which to evaluate the SAGE Il measurement. For
Relative Difference Relative Difference Relative Difference SAGE I/l comparisons, we observe (Fig. 4a) a bias of 20
to 30% from 16 to 23 km with much larger values outside of
Fig. 4. Profile of the mean difference between comparisons ofthis range and a standard deviation from 30% (at 21 km) to
SAGE Il version 4 aerosol extinction coefﬂugnt at 385 (a)) 449 much greater than 100% outside the favorable range. If we
(b), 520(c), 601(d), 755(e), and 1021 nntf) with spectrally ¢ lo.s'e restrict the comparisons to extinction coefficient greater than
channels from SAGE Il (black) and POAM lII (red) as solid lines. 4 . . . .
The dotted lines show the range defined by 1 standard deviatior‘?‘o_ fkm we find that the comparison is much better with
(+1-0). a mean difference 0&10%_ between 17 and 2_9 km and a
variance of about 20%. This matches our previous observa-
tions of SAGE Il 385nm extinction coefficient in that this
channel is better at large extinctions and above 15km (e.g.,
available. There are three SAGE lll channels for which SPARC, 2006). Unfortunately, this comparison is not a use-
there are nearby (spectrally) measurements from POAM IlIful measure of SAGE Il 385 nm extinction coefficient data
and SAGE II: 385, 449, and 1021 nm. The 1021-nm com-quality. For SAGE 1lII/POAM IlIl comparisons, we find an
parison is particularly important since it is where we nomi- agreement better than 20% above 20 km (POAM Il greater
nally expect the measurements to be most robust and spactian SAGE lll) that increases at lower altitudes to 50% at
based measurements at this wavelength have an extensil® km and the standard deviation is fairly constant at about
history that dates back to the Stratospheric Aerosol Measures0%. Some of the difference for this pair can be attributed to
ment (SAM) Il (1978-1991) and original SAGE instrument the wavelength difference (8%) and so the comparison above
(1979-1981). For SAGE IlII/SAGE I, we find (Fig. 4f) that 20km is good. On the other hand, the consistent slope to
the difference is nearly constant at abett0% from 12 to  larger differences below 20 km is more difficult to under-
25 km with a tilt toward positive values outside of that range. stand.
The standard deviation is a minimum at 18 km (11%) and in- There are 3 wavelengths with a single comparison
creases to a maximum of 35% at 28 km while correlationspair: 520 nm with SAGE I1Il/ll and 601 and 755nm for
vary from 0.6 at 10 km to a peak of 0.82 at 22 km to near 0.0SAGE 11I/POAM l1I. For the 520 nm pair, (Fig. 4c) we find
at 30km. These results are somewhat better than those fahat SAGE Il and SAGE Ill are within 10% from 11 to 23 km
earlier versions as reported in Thomason and Taha (2003nd with 20% between 23 and 29 km with a standard de-
and Thomason et al. (2007). For POAM IIl, the agreementviation of 15 to 30% over this altitude range. At 601 nm,
varies from 15% at 17 km to more than 40% below 15 km andboth aerosol channels are strongly influenced by ozone ab-
above 21 km. The standard deviation for this set is never lessorption and generally expectations for these aerosol chan-
than 50% and often greater than 100%. The 449-nm aerosaiels are low. Nonetheless we find a reasonably well be-
extinction set show outstanding agreement and are nearly ilhaved comparison between these two channels. As shown
distinguishable (Fig. 4b). For SAGE III/SAGE Il the differ- in Fig. 4d, the mean difference runs from near 0 at 10 km to
ence is again fairly consistent with altitude and less than 10%about 30% (SAGE Ill less than POAM III) with a systematic
from 15 to 29 km and often only a few percent (19-27 km). tilt in the profile shape and a standard deviation of about 30%
The standard deviation is around 30% from 12 to 23 km andover the extent of the profile. Finally at 755 nm (compared
slowly increases to 50% at 30 km while the correlation is be-to POAM lll at 779 nm), we find a difference (Fig. 4e) less
tween 0.5 and 0.8. For POAM III/SAGE IIl comparisons, than 5% below 17 km with a tilt toward a difference of 30%
there is a little more structure in the difference profile whereat 23 km with SAGE 1l less than POAM III. Nominally, we
it is within £10% from 18 to 24 km and is not worse than would expect SAGE Il extinction at 755nm to be greater
25% over the entire profile. The standard deviation is be-than POAM Il at 779 nm but we observe the opposite. This
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Fig. 5. Mean aerosol extinction coefficient spectra from SAGE Il 1021 nm) andx is the computed power. It is important to
as solid line with 15 standard deviation shown as a dotted line with note that, while interpolation schemes like the Angstrom re-
matched SAGE Il (green), POAM I1I (blue), and values interpolated |ationship are reasonable approximations to observed aerosol
from SAGE lll values at 449, 520, and 1020 nm using an Angstromspectra, the unseen details of the aerosol size distribution
model (red) as vertical lines spannidd-o. Datais shownat12 5y create some significant departures. In fact, these can
(a). 15(b), 18(c), 21(d), 24 (e), and 27 km(f). be seen in Fig. 5 where the spectra as a whole show appre-
ciable curvature (particularly at lower altitudes) in a plot-

means the differences between SAGE IIl and POAM III at iNg space in which the Angstrom approximation would be
this wavelength are even larger than the observed values papiraight. With only three channels to perform the interpola-

ticularly above 20 km where the aerosol spectrum is a steepdf©n: there is insufficient information to use a more complex
function of wavelength. form and some model-induced bias is inevitable. The cur-

vature also makes it inadvisable to extrapolate to 1545 nm
2.2 Internal comparisons and a different evaluation is used below. Figure 6 shows the

results of the interpolation. At 601 nm (Fig. 6a), we see a
These results of matched pair comparisons are summarizeasonable mean behavior with a consistent positive bias of
in Fig. 5 which shows the mean aerosol extinction coeffi- approximately 10% but a large standard deviation of 20 to
cient spectra with one standard deviation of the distribution30%. This is not too surprising considering the large ozone
for SAGE Il at 6 altitudes from 12 to 27 km along with signal at this wavelength and consistent with the POAM llI
the matched data from POAM Il and SAGE Il. In general, comparisons shown above. This evaluation also shows that
we see that the extinction coefficient spectra are well orgathe 676 nm channel shows a significant bias above 20 km that
nized with the exception of the SAGE Ill 676 nm aerosol rapidly increases with altitude such that bias exceeds 20%
extinction coefficient channel which shows increased noiseabove 24 km. The standard deviation is also large and ex-
and appears to be low relative to the other channels particeeeds 30% over most of the depth of the profile. This was ex-
ularly at and above 21 km (Fig. 5d, e, and f). To test thepected to be a good aerosol channel and large noise and bias
quality of channels without a SAGE Il equivalent (601, 676, were unexpected. The other two channels show much greater
755, and 869 nm), we interpolate aerosol extinction coeffi-promise. At 869 nm, we find a mean bias of less than 10%
cient from SAGE Il measurements at 449, 520, and 1021 nm(data greater than estimate) over most of the profile range
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Fig. 9. The ratio of Mie extinction coefficient kernels at 385-to-

Fig. 7. SAGE lll aerosol extinction coefficient ratio for 385-to-
449 nm(a), and 1545-t0-1021 nrfb) from February 2002 to De-
cember 2005 in bins of 0.02 years by 0.5km requiring at least 5
data points per bin. Isopleths of extinction ratio are given every 0.2;
color contours are given every 0.1. The smallest values of extinction
ratio are shown as dark blue and the largest values as yellow.

449 nm(a) and 1545-t0-1021 nnfb) for 25% HySO4/75% HO
aerosol at stratospheric temperatures.

The final set of comparisons concern channels that are po-
tentially the most interesting as they lie at the extremes of

385-t0-449 nm

1545-t0-1021 nm

the SAGE Il extinction coefficient wavelength range: 385
and 1545 nm. We have previously shown some rather unsat-

S0 B0y T isfactory comparisons of the 385 nm channel with SAGE II
: and POAM lll. For at least SAGE I, we feel that deficien-
cies in the SAGE Il product are likely to play a major role in
25} 25 . o
the poor nature of these comparisons. Qualitatively, we see
g g that the 385-nm channel as shown in Fig. 1a seems to behave
E 20 g o0l in @ manner consistent with other channels (e.g., Fig. 1b—e).
3 E To investigate the quality of the 385-nm channel, we com-
= = pared it to the extinction coefficient measurements at 449 nm
15! 150 which comparisons indicate is a high quality channel. Fig-
ure 7a shows the time history of the 385-t0-449 nm aerosol
: extinction ratio for SAGE IIl Northern Hemisphere measure-
10 s s - 10 AN ments and the mean profile is shown in Fig. 8a. Figure 9a
00 05 1.0 15 20 00 02 04 06 08 shows the ratio of the Mie extinction kernels as a function

Channel Ratio Channel Ratio

of radius for 385 and 449 nm ¢g@/H,SO, aerosol at strato-
_ _ o o _ spheric temperatures). The Mie calculations show that the
Fig. 8. Profiles of the average extinction coefficient ratios at 385-to- observed extinction ratio below 15km. where it can be as
449nm(a) and 1545-to-1021 nr(b) for all SAGE Ill events. The 0 550 2, is physically implausible and we conclude that
mean is shown as a solid line and the range defineetby are . -

) the 385 nm channel is not useable at these altitudes. On the
shown as dotted lines. L

other hand, above 16 km the mean ratio is between 1.2 and

1.4 with a standard deviation of 4 to 15%. While we are not

and a standard deviation of omy5%. The sign of the bias attempting to infer any detailed information about the under-
is consistent with a linear interpolation over a curved Spec_Iying size distribution, the observed ratio is consistent with
tra, thus we believe this channel to be consistent with theeXtinction at these wavelengths being dominated by particles
interpolating channels and possibly the strongest of the neWn the 0.15 to 0.30 micron range. Overall, while the range of
channels. At the 755 nm, the standard deviation is somewhdhe kernel ratio is 0.7 to 1.8, it is difficult to imagine an ex-
larger (~10%) as is the apparent interpolation bias though intinction ratio for a realistic size distribution outside the range
this case it varies with altitude from15% near 10km and ©f 1.0 and 1.5. As a result, we conclude that it seems likely
decreases to near zero at 30 km. Since this wavelength is tH@at bias in the 385-nm channel relative to 449 nm extinction
mid way between the interpolation channels, the bias associS o larger than 20% and probably less than 10% for alti-
ated with the model would be at its largest and, as a resulttudes above 16 km with a precision f.0%.

we believe this channel to also be eminently usable.
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For the 1545-nm channel, we compared it to the extinctionany data set, since bias is mostly independent from one chan-
coefficient measurements at 1021 nm which comparisons innel to another, users should exercise caution in any math-
dicate is a reliable aerosol measurement. Figure 7b shows thematical retrieval application (e.g., size distribution/surface
time history of the 1545-t0-1021 nm aerosol extinction co- area density) as even the modest potential bias in these mea-
efficient ratio for SAGE Ill Northern Hemisphere measure- surements may result in unpredictable results.
ments and the mean profile is shown in Fig. 8b. Figure 9b
shows the ratio of the Mie extinction kernels as a function of
radius for 1545 and 1021 nm §B/H,SO4 aerosol at strato- 3 Water vapor
spheric temperatures). In this case, the stratospheric ratio is
nearly constant between 0.27 and 0.33 and the ratio increasrhe water vapor retrieval employs 28 individual pixels (or
ing to nearly 0.4 at 10 km. The standard deviation is a mini-channels) on the spectrometer’s CCD detector that span the
mum of 8% at 18 km and is25% at 10 and 30 km. The ratio wavelength range from 931 to 960 nm or nearly spanning the
values suggest extinction at these wavelengths is dominateds t water vapor absorption band. The channels are spaced
by particles in the 0.2 to 0.am range. Given the possi- ~1.0nm apart and the FWHM for the individual channels
ble range of ratio values, we believe that the accuracy of thigs 1.2 nm and the measurement precision is close to 0.1%.
channel is no worse than 20% and probably better than 10%n the preflight algorithm, we removed the contribution of
above 15 km. Due to the shape of the aerosol extinction kerozone absorption and molecular and aerosol scattering using
nels, we do not necessarily expect the particle ranges for théhe primary ozone measurement, molecular scattering calcu-
1545/1021 nm ratio to match those found for the 384/449 nmlated from NCEP temperature data (Bloom et al., 2005), and
ratio. Overall, the behavior of the 1545-nm aerosol extinc-the interpolation of nearby aerosol channels to the water va-
tion coefficient data seems reasonable except perhaps belopor measurement wavelength locations. The remaining opti-
15km where the ratio seems a little large though we can-cal depth is assumed to be due to water vapor absorption and
not clearly exclude this data. It is possible that extinction water vapor mixing ratio is inferred using a global fit algo-
at 1545 nm could be overestimated by underestimating warithm (SAGE Il ATDB, 2002).
ter vapor and/or carbon dioxide absorption corrections at this  Specifically, we employed the well known Marquardt
wavelength which are modest but significant below 15km. method (Marquardt, 1963) to perform non-linear least

squares that simultaneously fit absorption measurements
2.3 Recommendations on the use of SAGE Il aerosol from the 28 spectral channels at all altitudes. The Marquardt
extinction coefficient data method minimizes a merit function using an iterative proce-
dure that alternates between the inverse-Hessian method and
SAGE Il provides a high quality aerosol data set with a the steepest descent method as appropriate. In this case, the
wavelength span that can be useful in a number of applimerit function, p, is defined as
cations. Only about half of the SAGE IIl channels have
a direct comparison with measurements by other channels
and we have employed some empirical techniques to eval— ZZ <
uate some channels. While this is not fully satisfying, th|s
evaluation provides the best estimate of the quality of the
SAGE Il aerosol extinction coefficient ensemble. As a re- whereo;; are the measured uncertaintiets, are the mea-
sult, we believe that the channels at 449, 520, 755, 869, andured absorption values (corrected for Rayleigh, aerosol, and
1021 nm to be solid channels with accuracies and precisionszone) for slant path and water vapor channg] Af. are
on the order of 10% in the primary aerosol range of 15 tothe computed absorption values for slant pathchannel
25km. We also believe this to be true of the aerosol channel, and the current guess for the water vapor mixing ratio
at 1545 nm though we cannot exclude some positive bias beprofiley. To compute absorption, we used the emissivity-
low 15 km. Similarly, it is apparent that the 385 nm channel curve-of-growth approximation (EGA) as the forward model
is significantly biased below 15 km and can only recommendfor water vapor absorption (Gordley and Russell, 1980). This
its use above 16 km where the accuracy is on par with othemethod is extremely computationally efficient and was found
aerosol channels (10—-20% accuracy, 10% precision). Nomto yield virtually identical results as a more computation-
inally, we find the 601 nm channel is of a similar accuracy ally demanding line-by-line approach. This method requires
as other channels{10%) but is much noisier420%) than  derivatives of absorption as a function of temperature, pres-
these other channels and we suggest caution in this channel&ire and line-of-sight molecular number density which are
use. We believe that the 676 nm channel is clearly defectivaalso precalculated and stored for each channel as a part of a
particularly above 20 km (accuracy as poor as 50%) and thevater vapor absorption data base (Benner et al., 1995). The
precision is also low{30%). While the evaluation may indi- water vapor absorption band is relatively weak in the strato-
cate that this channel could be used below 20 km, we suggesiphere and the peak absorption for the band including the in-
excluding this channel under most circumstances. As withterfering species is only about 1% for a limb observation with

A,, )’

J
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a tangent altitude near the tropopause. We use the water va- 1 : :
por line parameters provided by Brown et al. (2002). Prior to Wavelength 633 nm
launch, the expected SAGE lIl instrument measurement ca- .

pability suggested that the water vapor mixing ratio accuracy
could be as good as 3% to 4%. More conservatively, with the
consideration of the uncertainty in the temperature retrieval,
altitude registration, and in the removal of contribution due to
interfering species, including molecular scattering, aerosols,
and ozone, we expected a water vapor precision between 5%
to 15% in the altitude range of 5 and 40 km. The nominal tar-
get precision and accuracy for water vapor were 15 and 10%
from 5 to 50 km (SAGE IIl ATDB, 2002).

©

Power (relative units)
0]

~
LI L
1

As mentioned in the introduction, we found that both ver- 6f ! ! s s ]
sion 2 and 3 water vapor products were of considerably lower 20 25 30 35 40 45
quality than expectation and were therefore not released to Attenuator Temperature (C)

the public. Below we discuss the changes in the Version 4
processing, particularly decreasing noise in the LOS transFi9- 10 The power throughput of a 633-nm HeNe laser through a

mission and improved ozone cross sections, which allowec?ample of the SAGE Il solar attenuator as a function of tempera-

the production of a water vapor data product that is close to"®

preflight expectations and allow its release in this version. In

addition, we show comparisons with other space-based water = | )

vapor measurements including those by SAGE II, POAM I, Iumma’uon. Nominally, the presence of the solar attenuator

the Halogen Occultation Experiment (HALOE), and the Mi- during solar events WOI_J!d not be an issue. Unfortunately, the
crowave Limb Sounder (MLS/Aura). Validation for their wa- 2tténuator which specified to be wedged at less than 1arc-

ter vapor data products can be found in Taha et al. (2004)[‘nin is actually plane parallel. This creates a thick plate
Lumpe et al. (2006), Harries et al. (1996) and Lambert etetalon for all measurement wavelengths with a repetition of
al. (2007) respectivély. 8 to 10 cycles per pixel and amplitude of about 10% both of

which are a function of wavelength. Figure 10 shows an ex-

3.1 Issues related to the retrieval of water vapor ample of the throughput of a HeNe laser (633 nm) through
a section of attenuator from the same manufacturing batch.

The version 3 water vapor data product was judged to be delt Shows the change in phase of the etalon as a function of
fective due to these features: a high level of noise in indi-temperature due to changes In the attenuator’s refracnve.m-
vidual profiles, and a clear negative bias in the lower strato-d€x- From the SAGE perspective, the phase of the etalon is a
sphere. We originally believed that the primary culprit was duasi-function of time or altitude due to the warming of the
a thick plate etalon in all solar occultation spectra that was{teénuator during an event as it is exposed to the Sun. Based
caused by the use of an unwedged neutral density filter (usu@" laboratory experiments, we believe that the etalon com-
ally referred to as the solar attenuator) in the optical pathPlétes about 3 cycles per event for a nominal event time of
This turned out to play a small role and we found that im- @PProximately 3 min.

provements to the Level 1 transmission algorithm and updat- The presence of the etalon manifests itself as a time depen-
ing the ozone cross section data were the keys to an improvedent change to the spectral response of the individual pixels
product. There is also an intermittent ephemeris data issue iand impacts both the calculation of the exoatmospheric Sun

2002 where some data should be avoided. brightness [p) and the LOS transmission. It is particularly
relevant to the water vapor retrieval due to the small water
3.1.1 The thick plate etalon vapor absorption in this band. Since thechlculations are

made for tangent heights around 150 km, we compensate for
The solar attenuator plate allows the use of the instrument irthe change inp due to changes in the phase of the etalon
both solar and lunar occultation modes as well as limb scatby renormalizing the spectra at all altitudes using the mean
tering mode. It is required because, depending upon phasgevel 1 transmission in the water vapor channels between
the Moon is between one million and ten million times less 90 and 100 km where transmission should be 1. Figure 11
luminous than the Sun. The solar attenuator is a neutral denrshows the uncorrected transmission between 90 and 100 km
sity filter with an attenuation 6#4000. By removing itfrom  and the mean value. This correction has a small but posi-
the optical path during lunar events along with changes to intive impact on the quality of the water vapor data product in
tegration time (from 64 to 256 ms) and the number of rows inVersion 4. The impact on transmission is more subtle and
the detector used between modes (3 in solar mode comparezffectively manifests itself as ‘noise’ in the transmission pro-
to 8 in lunar mode) compensates for this large change in ilfiles when we average individual measurements in an altitude

Atmos. Chem. Phys., 10, 2152173 2010 www.atmos-chem-phys.net/10/2159/2010/



L. W. Thomason et al.: SAGE lll version 4 2169

1.002 100 T
Version 3
Version 4
1.001 80 |
c
2
£
£ 1.000 2 60 |
& 5
. 2
0.999 =
40
o998t .+ . . s L
935 940 945 950 955 20
Wavelength (nm) I
s ol ——————o%
Fig. 11. SAGE IlI transmission between 90 and 100 km for one 0.0001 0.0010 0.0100

channel in the water vapor absorption band (black) along with the
mean transmission in this layer (red).

Mean Relative Transmission Error

Fig. 12. Mean transmission error for the 28 channels in SAGE IlI

. . . . ) water vapor band as a function of altitude for Version 4 (black) and
bin from different times and, concomitantly, different phasessjon 3 (red).

of the shifting etalon. While we made several attempts to

account for these changes, we did not find any practical so-

lution that resulted in an improvement to the final product3.1.3 Ozone spectroscopy
and it remains difficult to quantify the level of noise that this

creates in the level 1 transmission data and the end productThe most significant change from Version 3 to Version 4
was a change from the Shettle and Anderson (1994) ozone

3.1.2 Improved transmission cross section compilation to the Bogumil et al. (2003) mea-
surements made in support of SCIAMACHY. For this appli-
Given the intractability of the noise created by the etalon, ancation, the most relevant difference between these two data
aggressive approach to improving transmission was criticakets are found in Wulf band structures which encompass the
to the improvement of the SAGE |1l water vapor product. A \avelengths used for the water vapor retrieval. In the new
key factor for improving transmission quality was the incor- gata set the amplitude of the Wulf band absorption ripple is
poration of tools for improved altitude registration and scanmyuch more pronounced than those in the Shettle/Anderson
co-registration developed for SAGE Il. These are primarily compilation. As mentioned in the aerosol section, this update
focused on improving detection of the Sun’s edges in indi-yemoved a clear ozone artifact in the 755 nm aerosol extinc-
vidual scans and nudging scans in altitude (typically on thetjon coefficient data (Thomason and Taha, 2003). In addition,
order of 10’s of meters) to reduce transmission noise in thepitts et al. (2006) found that in-atmosphere measurements by
composite transmission profile. We have also incorporated ghe Gas and Aerosol Measurement (GAMS) which spanned
mechanism that accounts for changesoirthiat result from  the Chappuis and the Wulf band tended to favor the SCIA-
the apparent rotation of the Sun in the reference frame of th@qacHY set. While values are on average not greatly differ-
spacecraft (Burton et al., 2010). Finally, to further reduceent petween the two data sets, we found that the difference
measurement noise, we apply a 1-2-1 vertical smoothing tqn, the cross sections drove the retrieved water vapor toward
each of the 28 channels in the water vapor retrieval whichsmajler values particularly in the lower stratosphere and this
reduces noise by roughly a factor of /2 and increases ver- \yas the primary source of the bias observed with other data
tical resolution from~0.7 km to~1.5km. Figure 12 shows  sets in Version 3. The mean relative difference from Ver-
the change in the relative error in transmission (averaged fogjon 3 to Version 4 water vapor is shown in Fig. 13. In this
the 28 water vapor channels) between Version 3 and VersioBomparison, we see a 20% increase in water vapor from 10
4. We find that the algorithm changes between versions havey ahout 40 km with a turn over to a decrease in water va-
reduced the measurement uncertainty by about a factor of 2por mixing ratio above 40 km. This change is mostly driven
by changes in the ozone cross sections. We also see about a
20% to 30% variance below 40 km. Much of this is driven
by the transmission noise in Version 3 and is greatly reduced
in Version 4 as demonstrated below.
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Fig. 14. SAGE lll water vapor mixing ratio from February 2002 to

] December 2005 in bins of 1 week by 0.5 km requiring at least 5 data
points per bin. Isopleths of mixing ratio are given every 1.0 ppm;
color contours are given every 0.5ppm. The lowest water vapor
mixing ratios are shown as purple and the largest values are shown
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given altitude for events withig:1 day,+24° longitude, and
+5% of the potential vorticity (PV) range observed in the
SAGE IIl Northern Hemisphere data aag° difference in
1 0] S T S T IR T latitude. We also eliminated all coincidences where relative
-10 05 00 05 1.0 errors are greater than 75%. Unlike for aerosols, we do not
Relative Water Vapor Mixing Ratio Difference remove suspected cloud events including PSCs and, since PV
data is not available for the HALOE and MLS comparisons,
Fig. 13. The mean relative difference between SAGE Il Version 4 that factor is not included in the identification of coincident
water vapor mixing ratio profile with Version 3. The dotted lines events for those instruments. In addition, MLS-SAGE Il co-
show the range defined by 1 standard deviatioh-¢). incidences can have as many as 20 MLS events that pass the
coincidence criteria for a single SAGE 1l event. For these
comparisons, we use only the closest MLS event. POAM Il
and SAGE Il have the same number of coincident events as
Figure 14 shows a 1-week average of Northern Hemispher¢hey have for aerosol comparisons. HALOE has about 200
SAGE Il water vapor mixing ratio from the beginning of the coincident events and MLS about 8400 or about half of all
mission to the end of 2005. The figure shows a strong annuabAGE Ill events during the 1.5 years of overlap between the
cycle and evidence of a biennial cycle in the lower strato-missions.
sphere where the dryer stratospheres correspond to years The comparisons with all four instruments are shown in
with few PSCs observed. Above 30 km there is evidence forFig. 15. In Fig. 15a, comparisons with SAGE |l show a vir-
water descent during boreal summer. In addition, there is dually constant offset of 8 to 15% from 10 to 40 km with a
hint of the descent of dry air immediately after the end of slight negative tilt above that altitude. The standard deviation
the downward transport period. There are three periods ofs less than 15% from 15 to 31 km and slowly increases above
anomalies in the second half of 2002 where the water vapothat altitude to about 30% at 45km. Some increase in stan-
mixing ratio are clearly smaller than adjacent periods. Ex-dard deviation between 15 and 10km is expected since the
amining the anomaly in detail, we find that the offset occursvertical gradient in water vapor can be large in this altitude
exactly in 7-day periods beginning at 00:00 UTC Sunday andrange and spatial variability at and below the tropopause can
ending at 00:00 UTC the following Sunday for the weeks be quite large (compared to the stratosphere). For SAGE Il
beginning on Julian days 258, 300, and 321. This matchesomparisons, the standard deviation increases frdi®o at
our spacecraft ephemeris update periods and we believe thab km to~40% at 10km. The POAM Ill comparisons are
deficient ephemeris data for these periods is the most likelyshown in Fig. 15b. In this case, the mean differences are
source of the error. The impact seems confined to the watebetween—10% and 1% from 10 to 40 km and tilts toward
vapor product due to its weak signal strength and we curimore positive differences above that altitude. The standard
rently recommend avoiding this period for this product only. deviation in the comparison is between 10 and 15% from
15 to 45km. In this case, the standard deviation between
3.2 Comparisons with other space-borne sensors 10 and 15 km is much larger than in the SAGE Il compari-
. son and greater than 100% below 13 km. This appears to be
To match events with SAGE II, POAM I, HALOE (v19),  griven by POAM Ill measurement noise that is substantially
and MLS (v2.2) we have used the same criteria as used fofamped for altitudes above 15 km. Generally, these compar-
the aerosol comparisons folloyvmg Thomasor_] e'F al. (2007)sons show a good agreement.
and Randall et al. (2001). This defined a coincidence at a

3.1.4 Spacecraft ephemeris data
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Water Vapor Mixing Ratio Water Vapor Mixing Ratio standard deviation at a nearly constant 10%. The differences
Relative Difference Relative Difference

are much larger above 45 km which is a region where we ex-
Fig. 15. Profile of the mean difference (other instrument/SAGE I11) pect SAGE l,” water vapor dat,a quality tq decline. HALOE
between SAGE Ill version 4 water vapor mixing ratio with SAGE Il Shows a similar (but smaller) difference with SAGE Il above
(a), POAM 11l (b), HALOE (c), and MLS(d). The dotted lines ~45km and it seems likely that both MLS and HALOE mea-
show the range defined by 1 standard deviatibh-¢). surements in these altitudes are more robust than those by the

SAGE instruments. As a result we conclude that SAGE Il

data above 45 km are not good quality measurements. Below

HALOE is a solar occultation instrument operating in the 17 km, the mean difference briefly dips to 15% at 16 km be-

infrared (so no directly comparable aerosol measurementsfore becoming very largex(100%) below 12 km. While this
Because of the vagaries of the orbits of the host platformdifference is difficult to explain due to spatial variability and
(Meteor 3M and UARS), HALOE has limited coincidences spatial resolution, it seems likely that at least part of the dif-
with SAGE Ill. MLS on the other hand is a microwave limb ference is that MLS and SAGE lll resolved the hygropause
emission instrument that makes profile measurements contirdifferently due to differences in their vertical resolutions.
uously during an orbit unlike solar occultation instruments Nevertheless, the SAGE 1ll and MLS comparisons show an
that only make measurements when crossing the terminaeutstanding level of agreement between 15 and 45 km sug-
tor (i.e., twice an orbit). As a result, MLS has many coin- gesting that both data sets are very good in this altitude range.
cident measurements with SAGE Il particularly given the
broad coincidence criteria. The SAGE IlII/HALOE com- 3.3 Recommendations for the use of SAGE Il water va-
parisons show a mean difference of 10 to 15% from 15 to por data
45km. From 15 to 40 km, the standard deviation is between
10 and 15% and slowly increases above this altitude. Therdhe SAGE Il Version 4 water vapor data product appears
are larger differences below 15km in a region where it isto be high quality and is recommended for science applica-
known that HALOE v19 water vapor tends to be too large tions in the stratosphere below 45 km. In this altitude range,
(SPARC, 2000). The comparison with MLS is particularly the mean difference with all four corroborative data sets are
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no bigger than 15% and generally less than 10% with excepvapor values above 45 km show a systematic high bias and
tional agreement with POAM Il and MLS. Above 45km, it we do not recommend them for science applications. Un-
seems likely that SAGE Il water vapor values are increas-like SAGE Il (Thomason et al., 2004; Taha et al., 2004), we
ingly too large and should be used cautiously or avoided.do not see a requirement for an aerosol-based limitation for
The standard deviations in these profiles are between 10 an8AGE IIl water vapor data utility in the stratosphere. Finally,
15% from 15km to 40 km for SAGE lll comparisons with SAGE Il water vapor data quality in 2002 for seven day pe-
POAM lll, MLS, and HALOE and between 10 and 25% (in- riods starting with Julian days 258, 300, and 321 is reduced
creasing with height) for SAGE Il. Based on these compar-by deficient ephemeris data and should be avoided.

isons, we believe that SAGE Ill meets its preflight goal of

15% accuracy and 10% precision between 15 and 45 km. IiicknowledgementsThe solar attenuator test was performed by Ed
the troposphere, the comparisons are more difficult to interBurcher, Joseph Goad, and Michael Cisewski of NASA Langley
pret due to much greater Spatia' and tempora| variation thaﬁesearch Center and archived as SAGE Il Technical Memorandum
in the stratosphere and the impact of differences in verticall M 2003-243 and is available from the authors.

resolution among the instruments in the comparison. That_ . ]

said, we are modestly optimistic that the SAGE Il data is Ed'ted by: W. Lahoz
usable in the upper troposphere with caveats regarding the

fpatlal reselutlon of the measurements and the restriction t??eferences

cloud-free” observations. Unlike SAGE Il (Thomason et

al., 2004; Taha et al., 2004), given the low aerosol loading iNgenner, D. C., Rinsland, C. P., Malathy Devi, V., Smith, M. A. H.,
the stratosphere throughout the mission lifetime, we do not and Atkins, D.: A multispectrum nonlinear least squares fitting
currently limit the SAGE 1l water vapor data utility in the technique, J. Quant. Spectrosc. Radiat. Transfer, 53, 705-721,
stratosphere by aerosol loading. The data in 2002 is occa- 1995.

sionally impacted by deficient ephemeris data for seven dayloom, S., da Silva, A., Dee, D., Bosilovich, M., Chern, J.-D., Paw-
periods starting with Julian days 258, 300, and 321. We do son, S., Schubert, S., Sienkiewicz, M., Stajner, 1., Tan, W.-W.,

time periods. Earth Observing System (GEOS) Data Assimilation System —

Version 4, Technical Report Series on Global Modeling and Data
Assimilation, 104606, 26, 2005.

Bogumil, K., Orphal, J., Homann, T., Voigt, S., Spietz, P., Fleis-
chmann, O. C., Vogel, A., Hartmann, M., Bovensmann, H., Fr-

] o ~erick, J., and Burrows, J. P.. Measurements of molecular ab-
We have examined the SAGE IlI aerosol extinction coeffi-  sorption spectra with the SCIAMACHY pre-flight model: instru-

cient and water vapor data sets and shown them to be suitable ment characterization and reference data for atmospheric remote-
for science applications subject to some minor caveats. For sensing in the 230-2380 nm region, J. Photochem. Photobiol. A,
aerosol extinction coefficient, the channels at 449, 520, 755, 157-167, 2003.
869, and 1021 nm are reliable with accuracies and precision8rown L. R., Toth, R. A., and Dulick, M.: Empirical line parameters
on the order of 10% in the primary aerosol range of 15 to  ©f H%GQ near 0.94 um: positions, intensities and air-broadening
25km and viable from 10 to 30km. This is also true of the _ coefficients, J. Mol. Spectrosc., 212, 57-82, 2002.
1545-nm channel though care should be used below 15 kmlj%urkholder, J. B. anq Talukdar, R. K.: Temperature dependence of
We do not recommend the use of the 385-nm channel be- the ozone absorption spectrum over the wavelength range 410 to
. . . 760 nm, Geophys. Res. Lett., 21, 581-584, 1994.
low 16 km nor do we recommend using at any aItlt_ude eltherBurton, S. P., Thomason, L. W., and Zawodny, J. M.: Technical
the 601-nm channel due to high measurement noi28%b) Note: Time-dependent limb-darkening calibration for solar oc-
or using the 676 nm channel because it is substantially bi- cultation instruments, Atmos. Chem. Phys., 10, 1-8, 2010,
ased in this version. The SAGE Il water vapor product be-  http://www.atmos-chem-phys.net/10/1/2010/
low 45 km shows a general agreement with SAGE Il, MLS, Gordley, L. L. and Russell, J. M.: A fast and accurate radiance
HALOE, and POAM lIll. It is particularly good with MLS algorithm for applications to inversion of limb measurements,
where the mean agreement is withis% from 15 to 45 km. in Remote Sensing of Atmospheres and Oceans, edited by A.
The agreement with POAM Il is within 10% between 10  Deepak, Academic Press, San Diego, CA, USA, 591607, 1980.
and 40km. For both SAGE Il and HALOE, the agreement Harries, J. E., Russell |||,-J. M., TUCk, A. F., Gordley, L. L., Pur-
is systematic but apparently biased by about +10% from 10 C¢&!h P Stone, K., Bevilacqua, R. M., Gunson, M., Nedoluha,
to 45 km for SAGE Il and about +10% from 15 to 45 km for G., and Traub, W. A.: Valldatlpn of meqsurements of water va-
. S por from the Halogen Occultation Experiment (HALOE), J. Geo-
HALQE. This takes on added significance due to the cor- phys. Res., 101(D6), 10205-10216, 1996.
relation between SAGE Il and HALOE water vapor mea- kent, G. S., Trepte, C. R., Farrukh, U. O., and McCormick, M. P:
surements (Thomason et al., 2004). The standard deviations variation in the stratospheric aerosol associated with the north
in these comparison profiles are between 10 and 25% (in- cyclonic polar vortex as measured by the SAM |l satellite sensor,
creasing with height) from 15km to 40 km. SAGE Ill water  J. Atmos. Sci., 42, 1536-1551, 1985.
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