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Abstract. This paper describes the calibration process forfrom November 1978 to June 1990 (Heath et al., 1975), and
the Solar Backscatter Ultraviolet (SBUV) Version 8.6 (V8.6) seven follow-on SBUV/2 instruments flown on NOAA polar-
ozone data product. Eight SBUV instruments have flown onorbiting satellites have collected ozone data from March
NASA and NOAA satellites since 1970, and a continuous 1985 to the present (Frederick et al., 1986). Figure 1 shows
data record is available since November 1978. The accua timeline of these instruments. Note that four SBUV/2 in-
racy of ozone trends determined from these data dependstruments are currently operational. Data from the NOAA-19
on the calibration and long-term characterization of each in-SBUV/2 (launched February 2009) and NPP Ozone Map-
strument. V8.6 calibration adjustments are determined at thping and Profiling Suite (OMPS, launched October 2011)
radiance level, and do not rely on comparison of retrievedinstruments are not discussed here, but are expected to be
ozone products with other instruments. The primary SBUV available in the future. In the remainder of this paper, we
instrument characterization is based on prelaunch laboratorwill use “SBUV” as a generic term for all of the BUV in-
tests and dedicated on-orbit calibration measurements. Westruments, with specific reference to individual instruments
supplement these results with “soft” calibration techniqueswhere appropriate.

using carefully chosen subsets of radiance data and informa- Accurate instrument calibration is necessary to produce
tion from the retrieval algorithm output to validate each in- high quality ozone data for comparison with other measure-
strument’s calibration. The estimated long-term uncertaintyments (Fioletov et al., 2006), for use in data assimilation sys-
in albedo is approximately0.8-1.2 % (&) for most of the  tems (Stajner et al., 2004), and for long-term trend analy-
instruments. The overlap between these instruments and thas (e.g. Stolarski and Frith, 2006; Terao and Logan, 2007).
Shuttle SBUV (SSBUV) data allows us to intercalibrate the Characterization of each SBUV instrument is intended to use
SBUV instruments to produce a coherent V8.6 data set covspecifically designed measurements in the laboratory and on-
ering more than 32yr. The estimated long-term uncertaintyorbit, including an on-board mercury lamp and solar irradi-
in albedo is less than 3 % over this period. ance measurements, to establish the long-term calibration.
Specific aspects of the V8.6 retrieval algorithm output and
carefully chosen Earth radiance measurements (restricted by
viewing conditions, scene brightness, etc.) can also be used
to validate instrument performance. We combine some of

these techniques into a “soft” calibration procedure that im-

Satellite instruments using the backscattered ultravioletproves the accuracy and inter-instrument agreement of the
(BUV) measurement technique have produced global 10v/8 6 0zone product

tallcolum_n ozone and stratospheric profile ozone data ON & The focus of this paper is a description of the overall cal-
daily basis .for more than 40yr. The_ backscattereq UItraV"ibration process used to create the SBUV V8.6 ozone data
oIet' (BUV) instrument flew on the Nimbus-4 sa@telhte from sets. Discussion of the V8.6 algorithm is given in Bhartia
April 1970 to May 1977, although the data quality and SaM-gt 4, (2012), and an overview of the V8.6 results is given in

pling from this instrument is significantly reduced after mid- McPeters et al. (2012). A key point of our work is that all cal-

1972 (Stolarski et al., 1997). The Solar Backscatter Ultravi-,,___.. : ;
i . . ibration adjustments discussed for both spectral and temporal
olet (SBUV) instrument on the Nimbus-7 satellite operated ) P P

1 Introduction
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Backscattered UV Profile Ozone Measurements We define the albedo for operational use as the ratio of the
observed radiance to the daily solar irradiance, or

' 1
B III] vimbus—4 BUv
I viobus-7 SBUV AA,t) =11, 1)/ F(A,1). (1)

rome saE The measured radiances incorporate time-dependent vari-

noas-1tssuv/z A ations due to instrument response changes, solar activity, and
voaa-14 sevv/2 real geophysical variations. A key design feature of SBUV
instruments is that the only mechanical difference in the op-
Noas—16 spuv/2 D ; . o .

tical path between radiance and irradiance measurements is

vou-17 souvsz the use of a diffuser plate needed to direct solar irradiance
voa-18 ssvvyz D into the nadir-viewing instrument aperture. This feature al-
Noas—19 souv/e D lows monochromator throughput changes and solar activity

variations to be cancelled out in the reported albedo val-
ues. The raw signal levels for radiance and irradiance mea-
S [ A PR B surements at a given wavelength can differ by factors of
1995 2000 2005 2010 2015 . B
E 10° or more, so that accurate characterization of photomul-
Fig. 1. Timeline of satellite BUV instruments used to measure Eﬁlalir ':Jsbﬁl(;fl\f/lu-ge?arlar}lsczllsi? raer?(;jI;eh(j:rThaLijrS]'aﬁgC:C?;E;Z:g;t
stratospheric profile and total column ozone for the V8.6 data 9 . y g - accurately
characterized and corrected, the remaining variation in the

set. Inactive instruments are shown in blue, and operational in- ; - ) .
struments are shown in red. The dashed portion of the Nimbus-#0lar irradiance measurements can be attributed to instru-

BUV segment indicates the significantly reduced data coverage afment sensitivity changes, corresponding to monochromator

ter July 1972. throughput changes. Hilsenrath et al. (1995) discussed this
characterization process for the NOAA-11 SBUV/2 instru-
ment. Due to the failure of the NOAA-11 solar diffuser in

variations are derived and applied at the radiance level, ratheDctober 1994, an alternate approach was developed to char-

than being determined from ozone values or other retrievedicterize additional long-term instrument changes after this

quantities. The general similarity of design between all of date, and that approach has been employed for other SBUV/2

these instruments means that there are many common elgnstruments as well. We describe both approaches in the

ments and themes in the calibration process. Nevertheless$gllowing sections.

there are also many unique circumstances that arise when

characterizing the behavior of 8 different instruments over a2.1 Onboard diffuser reflectivity method

40-yr time period. The Supplement to this paper gives many o _ )
additional details about the implementation of our calibra- TN€ reflectivity of the SBUV solar diffuser changes on-orbit

tion process for each instrument, including a comprehensivéS contaminants are darkened due to solar exposure. The
evaluation of measurement uncertainties. Nimbus-4 BUV diffuser was exposed constantly during its

mission, and darkened so quickly that the solar measure-
ments could not be used for long-term calibration (Heath and
2 Characterization of time dependence Heany, 1974). The Nimbus-7 SBUV diffuser was exposed
only during solar measurements, but did not have an inde-
SBUV instruments measure backscattered terrestrial radipendent system to track diffuser reflectivity changes. These
ance at 12 discrete wavelengths between 252-340nm thahanges were evaluated empirically by Cebula et al. (1988)
are selected to characterize the ozone profile from the surfacgased on variations in the rate of solar diffuser exposure, but
through the upper stratosphere. Regular solar irradiance meghjs result was later shown by Herman et al. (1990) to under-
surements are also taken (typically weekly) at these wavegstimate instrument sensitivity changes. For the SBUV/2 in-
lengths to provide long-term calibration information (Fred- syruments, an on-board calibration system was implemented
erick etal., 1986). Solar activity variations at mid-UV wave- tq track relative changes in diffuser reflectivity using a mer-
lengths can be accurately estimated using the Mg Ilindex angyry |amp (Weiss et al., 1991). The instrument alternately
scale factors (DeLand and Cebula, 1993), which are availablgjews the mercury lamp radiance directly and reflected off
on a daily basis. The ratio of radiance and irradiance valuesne solar diffuser during a calibration sequence, and the ratio
(defined as directional albedo!/F) is the key measured of these signals at various emission lines in the Hg spectrum
quantity needed for the ozone profile retrieval algorithm. Wepetween 185nm and 405nm is used to track spectral and
therefore want to characterize and remove all instrumenta{empora| changes in diffuser reflectivity. Short-term lamp
effects in the albedo values. stability problems prevented the use of these data for NOAA-
9 SBUV/2, but the performance of the system was improved
for subsequent SBUV/2 instruments.

NPP OMPS [

- T
1970 1979 1980 1985 1990
DAT!
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NOAA-16 SBUV/2 Solar Diffuser Reflectivity at 253.727 nm target that can be used with radiance measurements. This ap-
00155 proach is only practical for SBUV instruments at long wave-
lengths, due to significant ozone absorption effects at wave-
lengths shorter than 340 nm. The large field of view (approxi-
mately 170x 170 km at the surface) limits the number of po-
tential locations for such an analysis. The Antarctic plateau
offers high surface reflectivity from snow and ice-covered
surfaces, minimal contamination due to clouds and aerosols,
and low terrain height variations to minimize surface bi-
directional reflectance distribution function (BRDF) effects.
Additional discussion of this technique for satellite UV in-
Comeaton during 2003 Day 169351: 0962% B TS~ struments can be found in Jaross and Krueger (1993), Huang
i Comection to diffuser position errorssince 2004182, -1019 % "~~ - et al. (2003), and Jaross and Warner (2008). While this ap-

0.0135 Lot i sl s s s s s proach is also applied to measurements of Greenland, the re-
20002001 2002 2003 2004 200 2006 2007 2008 2009 2010 2011 glt5 of the analysis are more uncertain due to the smaller
observation region and the increased possibility of aerosol
Fig. 2.NOAA-16 SBUV/2 diffuser reflectivity data at 253.7nm de-  -ontamination. Thus, the statistical weight of the Greenland
rived from the onboard mercury lamp calibration system. The sollddata is very low in the SBUV long-term calibration analysis.

line is an exponential fit to the data. Note that some measurements Details of the implementation of the snowlice radiance
in late 2006 and after mid-2007, shown by dots, have been excluded P

from the analysis due to earthshine contamination at SZER(°. analysis technique for SBUV instruments are given in Huang
et al. (2003), and we summarize key points of this approach

0.0150

0.0145—

Reflectivity

0.0140

here.

Figure 2 shows an example of the diffuser reflectivity data 1 The analysis uses measurements at the longest SBUV
at 254 nm for NOAA-16 SBUV/2. Variations in the position discrete mode wavelength (340 nm), where the atmo-
of the mercury lamp discharge arc from one calibration se- spheric ozone absorption effect is smaH §%) and
guence to the next can introduce offsets into the lamp output, easy to correct. We calculate this correction by taking
and thus into the derived diffuser reflectivity. However, reg- the retrieved total ozone value for each scan and running
ular changes of 0.5-1.0 % caused by the alternating polarity 5 forward model radiative transfer calculation to de-
of the Hg lamp power supply (implemented for later SBUV/2 termine the appropriate adjustment. The measured sig-

instruments) can be characterized and corrected. The deploy- 4 is corrected for instrument behavior (electronic off-
ment mechanisms for the mercury lamp and the diffuser plate  ggt non-linearity, thermal sensitivity, PMT gain change)
have at1 step uncertainty in position that can also lead to a and converted to radiance.

shift in the derived diffuser reflectivity for a given sequence.

These errors produce wavelength-independent effects in the 2. The measurement sampling within the defined region
reflectivity values, and thus can be identified and corrected.  of Antarctica (shown in Fig. 3) varies from day to day
The observed diffuser reflectivity changes at the Hg emission ~ due to shifting of the satellite orbit track, so data are
line wavelengths are fit with a smooth function of diffuser ex- averaged in approximately weekly (quarter-month) in-
posure time (either linear or exponential) to minimize the im- crements for analysis using $olar zenith angle (SZA)
pact of short-term fluctuations. Diffuser reflectivity changes bins.

are then interpolated to ozone measurement wavelengths for
operational use. When the onboard calibration systemis fully
operational (e.g. NOAA-16, 2001-2008), the estimated long-
term calibration accuracy determined by this procedure is
approximately+0.1%yr1. Note that NOAA-16 diffuser
degradation updates were halted in mid-2008 when the satel-
lite orbit drift led to significant earthshine contamination in
the diffuser view measurements. The diffuser degradation 4. We estimate sensitivity changes during this reference
correction has been extrapolated during the 2008-2011 pe-  year using a linear fit to the average radiance change
riod, and we expect to resume useful onboard calibration for the preceding and following years.

measurements with this instrument in 2012,

3. A nominal reference year is chosen to define seasonal
variations in snow/ice radiance due to SZA variations
and surface BRDF effects. Ratios of the radiances at the
same SZA and same time of year are computed. This
short-term structure is then removed from the snow/ice
data for all summer seasons.

5. A weighted least squares regression is used to construct
2.2  Snowlice radiance method a smooth fit to all data points to derive the long-term
sensitivity change at 340 nm (see Fig. 4). Note that the
An alternative approach to determining long-term instrument Greenland data are consistent with the linear fit in this
sensitivity changes is to identify a stable terrestrial reference  example, even though they have relatively little weight
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SBUV/2 Snow/Ice Region: Antarctica

NOAA-17 SBUV/2 340 nm Optical Throughput Drift
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Fig. 3. Region of Antarctica used for SBUV/2 snowl/ice albedo cal- Fig. 4. NOAA-17 SBUV/2 snowlice albedo data at 340nm

ibration measurements (dark outline). The size of a typical SBUV/2¢q characterization of instrument sensitivity time dependence.

field of view is shown by the filled square. Squares= Antarctic data. CrossesGreenland data. All measure-
ments are normalized to October 2002.

due to the larger statistical noise. In some cases, mul-
tiple linear segments are fit to the data and temporallying this time. In order to make an extension of the long-term
smoothed, and a final continuous function is then cre-calibration across this gap, we assume that the throughput
ated to represent the sensitivity change. change has an exponential dependence on accumulated opti-
. . . _cal surface contaminants (Stewart et al., 1989). We then used
6. Solar irradiance data (corrected for diffuser reflectiv- . spectral dependence determined from the on-board cal-

ity changes as described' in Sect. 2.1) thgp provides th‘i"oration system in 1993-1994, and represent the sensitivity
spectral dependence of instrument sensitivity changesChange as

We adjust the solar-based sensitivity change at 340 nm

to match the snow/ice radiance result, and then applys ;. 1) = §(io, 1) A [LN(S1(x, 12))/LN(S1(ho, )] > 1) (2)
this adjustment to the observed time series variations at

each ozone wavelength. This process allows us to transy = 340 nm; 1 = December 1994:S (o, t) = Sensitivity
fer the snowl/ice results at 340 nm to all SBUV wave- change afo from snow/ice analysis$1 (1, r1) = Sensitivity
lengths. change ak normalized to snow/ice analysis results;at

The scatter of averaged and deseasonalized snow/ice sam This approach reduces th_e NOAA-11 callbr_anon uncer-
g . 9e ; . S pl%?nty from the results previously presented in Huang et
within a given season is approximatety).5 %. While this is al. (2003).
somewhat less precise than the solar measurements on short
time scales, experience has shown that most instrument sep-3  other time-dependent corrections
sitivity changes have a smooth time dependence over multi-
year time periods, so that a simple functional form can be2 3.1
used to characterize the instrument changes represented in
snowl/ice data. The estimated long-term uncertainty of the fitThe SBUV instrument uses three electronic gain ranges to
shown in Fig. 4 is~0.2 % at the end of 2008, which includes measure radiance signals over six orders of magnitude, as
both statistical uncertainties and possible errors in the choicshown in Fig. 5. Range 1 and Range 2 signals are read from
of the functional form. This method does have an advan-the PMT anode, while Range 3 signals can be read from ei-
tage compared to the solar-based approach in that mercurher the anode or cathode for the most recent SBUV/2 in-
lamp behavior, diffuser goniometry effects, and diffuser sys-struments (see Supplement for details). These gain ranges
tem performance do not come into play. are read out simultaneously and have some overlap in dy-
The NOAA-11 SBUV/2 diffuser mechanism failed in Oc- namic range, so that selected measurements can give valid
tober 1994, terminating the solar measurements and ondata in two gain ranges simultaneously. DeLand et al. (2001)
board calibration system measurements. NOAA-11 datadiscusses this capability in more detail. Since the PMT cath-
collection stopped in April 1995 following the launch of ode is not expected to change response over time, we can
NOAA-14, and did not resume again until July 1997, al- therefore use the ratio between Range 2 PMT anode and
though the SBUV/2 instrument operated continuously dur-Range 3 PMT cathode signals (IR as a means to track

Inter-range gain ratio
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Earth Radiance Spectrum On Day Side tween onboard calibration and snow/ice radiance results dur-
‘ ‘ ‘ ‘ ing the first year of operations were observed for NOAA-11,

NOAA-17, and NOAA-18. Comparison of equatorial radi-

i 1 ance measurements at 252—-288 nm using tlet€zhnique

10.00 - / 4 described by McPeters (1980), which assumes an exponen-

b ,f ] tially varying ozone profile above 3 hPa, gives similar sen-

/ Range-2 sitivity changes to the ice radiance results during early op-

100 / 3 erations for NOAA-17 and NOAA-18. This consistency be-

C S I tween short wavelength and long wavelength results implies
] wavelength-independent calibration errors, as discussed in
[ Rangel Sect. 2.1. These results were validated by comparison with
i oy N ange-t the concurrent NOAA-16 observations. Thus, the snow/ice
0.01} W e results have been adopted for V8.6 processing of NOAA-17

. — e R and NOAA-18 data.

200 250 300 350 400 . . . .
wavelength (nm) The Supplement to this article presents additional dis-
cussion of SBUV instrument time-dependent characteriza-
Fig. 5. Backscattered terrestrial radiance spectrum at ultraviolettjon and estimated uncertainty values. The estimated relative
wavelengths observed by an SBUV instrument. The approximatey|pedo uncertainty at the end of the data record for NOAA-
transition levels between electronic gain ranges are also shown. ;¢ through NOAA-18 is approximately-0.8-1.2% (&)
at all wavelengths. Earlier SBUV instruments did not have
time-dependent changes in PMT gain. While the Overa"on_-board calibration d_ata, either because no system existed
. - (Nimbus-4 BUV and Nimbus-7 SBUV) or because of perfor-
PMT gain change can vary from 7 % to 25 % over the life-
. . . . mance problems (NOAA-9 SBUV/2). The long-term char-
time of each instrument, we can characterize this change o . .
acterization procedures used for these instruments are dis-
to ~0.2 % accuracy. . L )
cussed in more detail in the Supplement. These instruments
(particularly NOAA-9) have larger estimated time-dependent
uncertainty values.

The reflectivity of the solar diffuser has a significant angular
dependence at the high incidence anghes 65°-8C°) used
for SBUV irradiance measurements. A goniometric correc-

tion is derived from prelaunch calibration data and appliedThe SBUV instruments undergo radiometric tests before
during the processing of these measurements. The spectrglunch in both radiance and irradiance configuration. The
dependence of this correction is weak over the 0zone megrydiance measurements use an external flat plate diffuser
surement wavelength range (less than 1%), and is charagy jlluminate the instrument aperture, whereas the irradi-
terized using special observations during the on-orbit validaznce measurements use the solar diffuser for this purpose.
tion period. However, as the on-orbit azimuth angle changesor SBUV/2 instruments, all laboratory sources are directly
with time due to satellite orbit drift, errors in the prelaunch {gceable to NIST reference standards. The estimated accu-
goniometric correction frequently appear that can introduceraCy of these irradiance sources~2-3% (2r) at 340 nm
time-dependent errors into the solar irradiance values. Thesg,\,a”(er et al., 1987). However, since the radiance and irra-
errors have a distinct seasonal variation, and can be charaglignce calibrations typically use the same lamps, the lamp
terized using on-orbit data, as demonstrated by Hilsenrath gfradiance cancels out in the determination of the prelaunch
al. (1995). We require this correction to reduce the goniom-ghedo calibration. The most significant element of the
etry errors to< 0.5% to avoid any impact on the derived g|pedo calibration then becomes the BRDF of the flat plate
time-dependent instrument characterization. The impact oRyiffuser used for the laboratory radiance calibration. The ac-
the sensitivity fit is< 0.3 % when this goal is achieved. curacy and stability of the BRDF calibration has improved
during the SBUV program (Janz et al., 1995; Butler et al.,
2003), and internally illuminated integrating spheres were

. o used for the most recent laboratory calibrations (Heath et al.,
The long-term SBUV instrument characterization results ob- ST .
. . . . : 1993). The BRDF spectral precision is approximately 0.5—
tained using the snowl/ice radiance technique are generallx 0 .
. ..~ 1.0 % for the most recent SBUV/2 instruments.
comparable to results derived from the on-board calibration

system at 340 nm. The agreement between these methods is
excellent (within~0.5 %) for NOAA-14 and NOAA-16, so

the calibration system results are used for V8.6 processing.
Larger differences of 2—3 % in 340 nm sensitivity change be-

100.00 3 N /"/\WV\/'\«/\/\/\"NV-\A\/P"J/\‘ )‘ I

/

e Range-3

0.10 -

radiance (mW m™ sr”! /nm)

2.3.2 Goniometry

3 Absolute calibration

2.4 Long-term calibration performance and validation
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3.1 Evaluation of prelaunch calibration to accomplish this validation. By applying these techniques
in a specific sequence, we have developed a “soft” calibra-
The first step in on-orbit evaluation of the prelaunch albedotion procedure (as distinguished from the “hard” calibration
calibration is to verify the reflectance of the solar diffuser based on laboratory measurements and dedicated in-flight
prior to use. We found changes less thah % relative to  systems) that allows us to evaluate spectrally dependent cal-
prelaunch laboratory data, which is within the uncertainty ibration adjustments at a level of accuracy greater than what
of a single on-orbit measurement, so we assumed no chandaboratory standards can provide.
in reflectance. The initial “Day 1” solar irradiance measure- The first step in the soft calibration procedure is the eval-
ment, processed with the laboratory calibration, was theruation of 340 nm albedo data over snow and ice-covered re-
compared with previous solar reference measurements suajions of Antarctica, as described in Sects. 2.2 and 3.1. The
as SSBUV (Cebula et al., 1996). These comparisons showeNOAA-17 SBUV/2 prelaunch calibration at 340 nm, which
spectrally dependent differences of 5—-10 % for early SBUVis directly tied to the laboratory standards, was established
instruments (Cebula et al., 1991), and up to 12 % for someas the benchmark for the V8.6 data product. The NOAA-16
recent instruments, suggesting changes in monochromat@nd NOAA-18 calibration values at 340 nm were adjusted to
sensitivity following the final laboratory calibration. How- obtain agreement with NOAA-17, and this adjustment was
ever, since the ozone retrieval algorithm uses albedo valuespplied to all wavelengths for each instrument. NOAA-14
we can examine Antarctic snow/ice albedo data at 340 nnmand NOAA-11 calibration adjustments at 340 nm were deter-
to determine if the prelaunch albedo calibration is still valid. mined from coincidence analysis with SSBUV underflights,
The NOAA-17 and NOAA-14 measurements were in good as described further in Sect. 3.3. NOAA-9 and Nimbus-7 cal-
agreement with previous results from Nimbus-7 TOMS andibration adjustments at 340 nm were determined from coin-
EarthProbe TOMS, so we made no change to the laboratorgidence analysis with NOAA-11.
calibration for those instruments. NOAA-16 and NOAA-  The next step in the soft calibration procedure is the de-
18 Antarctic albedo values were 5.7% and 7.6 % lowertermination of individual channel adjustments for profile
than concurrent data from NOAA-17, respectively. In addi- ozone retrievals. The V8.6 retrieval algorithm determines an
tion, NOAA-16 and NOAA-18 340 nm measurements over a priori ozone profile for each measurement using clima-
open ocean selected to give minimum surface reflectivitytology information from McPeters and Labow (2012) and
(Herman et al., 1991) produced negative values when proan initial estimate of total column ozone based on B-pair
cessed with the prelaunch calibration. As noted in Sect. 2.4(317.5nm, 331.2 nm) data, and then calculates estimated ra-
similar offsets were also observed in short wavelength albedaliances at each wavelength for the observation conditions of
comparisons for these instruments. We therefore applied ghat measurement using a forward model. The differences
wavelength-independent adjustment to the NOAA-16 andbetween measured and calculated radiances at each wave-
NOAA-18 calibration based on the comparisons at 340 nmlength are called radiance residuals. The profile retrieval
with NOAA-17. This implies that the overall spectral depen- minimizes the radiance residuals in several iterations. We
dence of the prelaunch albedo calibration has not changedise the term “final residuals” to denote the differences be-
We assign an uncertainty of 0.5% to the albedo calibrationtween the measurements and the theoretical radiance cal-
for this adjustment. culated from the converged retrieved ozone profile. These
Although we can validate the large-scale consistency ofresiduals are typically expressed in terms of N-value units,
the prelaunch albedo calibration, the V8.6 algorithm re-whereN = —100logo(I/F), and the albedd/ F is defined
sponse to an albedo error in a single channel has a complex Eq. (1). The set of consecutive channels to be used for
dependence on the spectral location of that channel, as weach individual retrieval, excluding the surface reflectivity
as measurement conditions such as solar zenith angle and tohannel at 331.2 nm, is determined automatically based on
tal ozone. Such errors can lead to incorrect trends in layethe slant optical path, which depends on solar zenith angle
ozone time series because of the shift in contribution func-and total ozone. The shortest channel used in V8.6 retrievals
tion location induced by the drifting orbits of many SBUV/2 is channel 2 (273.5 nm). The longest channel used in the re-
instruments. Thus, a careful examination of possible calibratrieval can vary from channel 7 (301.9 nm) to channel 10
tion errors on a channel-by-channel basis using on-orbit datg317.5 nm), depending on measurement conditions.
is required to create the best SBUV ozone product. The fol- If the final residuals for the set of channels used in an

lowing section describes this procedure in more detail. ozone profile retrieval are greater than approximatefy1
N-value, then the error is large enough to cause a conflict
3.2 Validation and soft calibration between the individual channel radiances. This conflict may

represent an error in the prelaunch calibration at one or more
An important part of the V8.6 calibration process is the vali- wavelengths, an error in the radiative transfer portion of the
dation of the Level 2 data products. We employ a number ofretrieval algorithm, measurement noise at one or more wave-
specific techniques, which use both carefully selected mealengths, or some combination of these effects. Note that a
surements and information produced by the V8.6 algorithm,channel with a non-zero final residual does not necessarily

Atmos. Meas. Tech., 5, 29512967 2012 www.atmos-meas-tech.net/5/2951/2012/
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have a calibration error. The goal of the soft calibration pro- _ Uncorrected Data

cedure is to minimize these conflicts. @ ., G, ©)

RAE

The following discussion focuses on the implementation : i

o o [E 3] & A

of this technique for the NOAA-17 SBUV/2 instrument. We Mo s | N U red Use ‘
Chan. 3 [

N -, adjusted
adjusted >k a 3/ Chlcm. 3

typically create weekly average, 5 degree zonal mean fina 2| .., R o

residual products for this validation step, following the as- | % * e
sumption that statistical averaging will reduce the contribu-s , ¢ | . X
tion from measurement noise. Observations at equatorial lati Pf S
tudes (corresponding to low total ozone values) and low sola% A
zenith angles produce the maximum overlap between chars ° 3 |
nel weighting functions. We focus on low reflectivity scenes , .
to reduce contamination from clouds. Our validation stan- » 1 e e <8l
dard for this analysis is that the average final residual for eacl
channel be smaller that0.1 N-value. We found that multi- d ) 4
ple channels exceeded this threshold when processed wit | | N o
the prelaunch radiance calibration. Figure 6 shows an exam s 2208 05,0 R0 Wl P wiens wiald
ple of the identification and correction of radiance errors us-

ing this analysis. We select the channel with the largest fi-Fig. 6. Determination of individual channel calibration adjustments
nal residual discrepancy, and then reprocess the data set witksing final residuals. All results are based on NOAA-17 data aver-
this channel excluded from the retrieval, using only measureaged over the Pacific Ocean and equatorial latitudes, using only low
ments that satisfy the maximum weighting function overlap réflectivity measurementsk(< 10 %). (&) Diamonds show resid-
conditions (Fig. 6a). This special processing yields a large@S With no adjustments. Asterisks show residuals when chan. 3
average final residual for the excluded channel, which cor—(283'1nm) is excluded from retrieval processi(ty. Squares show

. . o . . residuals when chan. 3 calibration is adjusted based on the error
responds to an adjustment relative to the initial callbratlon.shown in the “excluded” case froa). Crosses show the residuals

This analysis is repeated for any additional channels with fi-non chan. 5 (292.3 nm) is excluded from this procesgn)dirian-

nal rESid'v_'aB_ t_hat exceed the t_hreshold, as ShO\_’Vn in Fig. 6Byles show residuals when the calibration for both chan. 3 and chan.
When all individual channel adjustments determined throughs is adjusted based on the errors shown in the “excluded” cases.

this iterative analysis are used together, the final residuals
calculated from normal ozone processing will be below the
+0.1 N-value threshold (Fig. 6¢). We note that this set of \When we applied the individual channel adjustment ap-
soft calibration adjustments for a specific instrument suchproach to other SBUV instruments, we found that we
as NOAA-17 is not necessarily unique, and may not exactlycould achieve comparable results for some instruments (e.g.
correspond to errors of the same sign and magnitude in th&JOAA-18), but that other instruments had significantly
prelaunch calibration, since final residuals can also incorpofarger uncertainties. Since a key goal of the V8.6 ozone
rate radiative transfer calculation errors. product is to create individual data sets that can be merged
The preceding discussion can be used to determine calismoothly for long-term trend studies, we felt that it was more
bration adjustments for channels 2—-7. As noted previouslyeffective to use a minimum number of reference instruments
the V8.6 algorithm will automatically extend the wavelength and derive further adjustments based on overlap periods. This
range for a profile retrieval to use channel 8 (305.8 nm), 9approach also reduces the overall data set uncertainty, be-
(312.5nm), or 10 (317.5nm) based on measurement condicause the calibration uncertainty associated with the inter-
tions. To determine calibration adjustments to minimize thecalibration process can be less than the absolute uncertainty
final residuals for these channels, we first identify a narrowfor some early SBUV instruments.
range in latitude (approximately five degrees) where chan-
nel 7 rapidly transitions from consistently being the longest3.3 SSBUV coincidence analysis
channel in the profile retrieval to 50 % or less frequency as
the longest channel, based on annual average ozone measuWhen the SBUV/2 series of instruments was implemented
ments. The average final residual for channel 8 within thisas an operational NOAA program in the 1980s, it was real-
latitude range is adopted as the calibration adjustment for thaized that intercalibrating these instruments would be essen-
channel. Subsequent intermediate data processing then dlal to constructing an accurate long-term ozone record. One
lows us to repeat this analysis for channel 9 (using channel &pproach to intercalibration is to have regular underflights
as the longest channel) and channel 10 (using channel 9 asgith a reference instrument whose calibration can be care-
the longest channel). The procedure described in this sectiofully tracked before, during, and after each flight. The engi-
was used to derive radiance calibration adjustments betweeneering model of the SBUV/2 instrument was converted to
—0.6% and+1.4% at three channels (283.1 nm, 292.3nm,fly on the Space Shuttle and renamed Shuttle SBUV (SS-
317.5nm) for NOAA-17 SBUV/2. BUV) for this purpose (Frederick et al., 1990). Hilsenrath et

ONE Channel Corrected TWO Channels Corrected
R R RN R e I BEEEREEEE

=
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al. (1995) describe the use of SSBUV coincidence measure
ments for calibration of NOAA-11 V6 ozone data in detail.
For the V8.6 ozone data set, the NOAA-11 calibration was
revised based on comparisons with SSBUV-2 and SSBUV-€ |,
data taken in October 1990 and March 1994, respectively?
We then determined calibration adjustments for NOAA-9 £ :
and Nimbus-7 data based on coincidence comparisons t§ ,,- NoAA-11 NOAA-18 N::?f?’s
these adjusted NOAA-11 data. In practice, we found that} 12; Nimbus—4
the number of useful samples for this analysis (after satis- |, - Nimbus—7 |
fying geographical and temporal coincidence requirementsjg 1of
is significantly reduced by the need for steady scene reflecZ ,-
tivity in the cloud cover radiometer (CCR) samples taken at® 5
378.6 nm every two seconds during each scan. We require
ARccr < 1% during the scan for our analysis. This limita- ~ 4:
5
19

BUV Instrument Orbif Drift History
A B A T S L (LS A B B S A S

terminator

I S N R FEEN T A

e b b b

tion is reflected in the estimated uncertainty for these coinci-

PRRTTRN BSRTE B Ll TR n PRRTIRNIN BTSRRI B | n i n
dence adjustments, which ranges from approximately 0.7 % '°°° 19% 1976 1900 %04 1800 TRE 1800 2000 2004 =000 2012
at short wavelengths to 2.0 % at long wavelengths, as shown.

Fig. 7. Time series of Equator-crossing (EC) time for daytime ob-
servations for all BUV instruments through April 2012. EC times
. . . between 12:00-18:00h (afternoon orbit) correspond to ascend-
3.4 Intercalibration of instruments ing node daylight measurements. EC times between 06:00-12:00 h
(morning orbit) correspond to descending node daylight measure-
The temporal overlap between SBUV instruments providesments. Dot-dash lines show when an instrument transitioned from
an opportunity to intercalibrate these data sets in a continafternoon orbit to morning orbit.
uous chain covering a significant portion of the V8.6 data
record. One option is to compare zonal average values in a
region with low natural variability, such as the tropics. How- each satellite taken within 30 min and 1.B latitude for
ever, the drift in satellite Equator-crossing time for many use in this analysis, and also required that the integrated total
instruments (shown in Fig. 7) complicates such an analy-ozone column from the profiles differ by less than 1.5 Dob-
sis. Note that the onset of rapid orbit drift is delayed for son units (DU). We found that Southern Hemisphere NLTD
NOAA-16 and subsequent SBUV/2 instruments as a resultdata typically occurred at higher solar zenith angles than
of a change in the satellite launch procedure (Price, 1991)Northern Hemisphere NLTD data, and that Southern Hemi-
Overlapping data sets from SBUV instruments typically havesphere results were significantly noisier when examining the
a significant difference in local time for a specified latitude set of measurements for an entire season. We therefore re-
band, which can introduce diurnal variations of 2—8 % into stricted our intercalibration analysis to Northern Hemisphere
the retrieved upper stratospheric ozone profile (Boyd et al. NLTD data for the creation of this V8.6 data set.
2007; Haefele et al., 2008). The latitude and seasonal de- The NOAA-17 data set was selected as a reference, for
pendence of these variations is not sufficiently understoodeasons discussed previously in Sect. 3.2. Comparisons of
to adequately simulate and remove this contribution to theNOAA-18 NLTD data to NOAA-17 data for six North-
observed radiances in simple zonal mean comparisons. ern Hemisphere summer seasons between 2005-2010 are
An alternative approach (for polar-orbiting satellites) is shown in Fig. 8. Since there is no clear temporal signa-
provided by a geographically restricted method such as théure in these results, we averaged all years together to cre-
Simultaneous Nadir Overpass (SNO) technique (Cao et al.ate relative adjustments for NOAA-18 data at channels 2—
2004). This technigue takes advantage of the fact that polari0. These averaged values are relatively small, and are less
orbiting satellites in Sun-synchronous orbits will have ge-than+0.2 N-value for all channels. The NLTD adjustments
ographic coincidences at high latitudes 80 ) in both are then applied in conjunction with the snow/ice adjust-
hemispheres. The frequency of temporal coincidences dement (wavelength-independent) to create the revised NOAA-
pends on the orbital altitude of the two satellites being con-18 calibration for V8.6 processing. A similar analysis was
sidered. For our work with SBUV/2 instruments, which make applied to determine NOAA-16 intercalibration adjustments
only daytime measurements, the statistical sampling was imrelative to NOAA-18, using overlap data from 2002-2010.
proved when we selected situations where one instrumeniNOAA-14 intercalibration adjustments were then derived
is in an ascending node daytime orbit and the other instrufrom NLTD comparisons with adjusted NOAA-16 data dur-
ment is in a descending node orbit. This choice results in twang 2001-2005. The intercalibration adjustments for NOAA-
sets of measurements, occurring during local summer in eacth4, NOAA-16, and NOAA-18 are shown in Fig. 9.
hemisphere, where our “no local time difference” (NLTD)  Extending the NLTD approach to NOAA-11 proved to
requirements are satisfied. We selected measurements frobe difficult, because NOAA-11 and NOAA-16 have only

in Hilsenrath et al. (1995).
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NOAA-18 Calibration Adjustments Relative to NOAA—-17 Overall Calibration Adjustments from "No Local Time Difference” Analysis
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Fig. 9. Calculated intercalibration adjustments for NOAA-16 and
Fig. 8. NOAA-18 calibration adjustments as a function of wave- NOAA-18 relative to NOAA-17, and for NOAA-14 relative to
length relative to NOAA-17 for the years 2005-2010, as determinedNOAA-16, based on “no local time difference” coincidence anal-
using the “no local time difference” (NLTD) method. Coincident ysis.
profiles used for this analysis were taken within°ll&titude and

30 min of each other, and have no more than 1.5 DU difference in Overall Calibration Adjustments from Coincidence Analysis
total ozone value. L L A R
1 _a X —
2 A& b —
one Southern Hemisphere overlap period in 2000-2001, an | .
the NOAA-11 overlap period with NOAA-14 in July 1997 W B ; |
had poor data quality. We therefore used NOAA-11 calibra-, | |
tion adjustments based on coincident measurements with S¢ *[ e imbus-7 us. NORA-11 A
BUV, as described in Sect. 3.3. NOAA-9 and Nimbus-7 inter-z °[ &4 oAt us Noaa-11 et 7
calibration adjustments were then determined from comparE i =X e 7
isons with adjusted NOAA-11 data. The intercalibration ad-~ ® e X
justments for Nimbus-7 and NOAA-9 are shown in Fig. 10. ¢ s * .
Note that the Nimbus-7 curve also includes an adjustment t¢ o[- - BT
all wavelengths based on 340 nm snow/ice comparisons. Ad 11} It ,
ditional coincidence comparison studies including the early | | . | % s

SBUV instruments have been performed, butthe resultswer: .5 2o S5 “1o 05 00 o5 1o 15 2o 25

not used in the determination of calibration changes for the Calibration Adjustment [N-valuc]

V8.6 data product. Figure 11 illustrates the calibration chaingig. 10. Calculated intercalibration adjustments for NOAA-9 and

for the different SBUV instruments in schematic form. Nimbus-7 relative to NOAA-11, based on coincidence comparisons
The improvement in ozone profile data quality producedat equatorial latitudes. Note that the Nimbus-7 adjustment also in-

by the calibration changes discussed in this section is noeludes a wavelength-independent adjustment-df% based on

ticeable when examining data from the most recent SBUVAntarctic snow/ice radiance data.

instruments on NOAA-16, NOAA-17, and NOAA-18. Fig-

ure 12 shows zonal average profile ozone comparisons witlg1

Aura MLS Version 3.3 ozone data, using both the previous

SBUV V8 data product (top panel) a,n,d the current \,/8'6 Additional artifacts are observed in some SBUV measure-
data product (bottom panel). The significant decrease in OSments that only affect one or more instruments, but neverthe-

cillating vertical structure, or "ringing”, for the V8.6 com- g requiire significant corrections to the observed radiances.

. eH’ﬂS section describes the most significant issues and how
for NOAA-17. The improved agreement between these threeCorrections have been determined

SBUV instruments in the V8.6 product comes from the use
of the “no local time difference” intercalibration technique.

Instrument-specific issues
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Fig. 11. Schematic diagram of calibration flow for SBUV instru-
ments represented in V8.6 ozone product (except Nimbus-4 BUV).

asf-

4.1 Hysteresis

The input radiance signal for an SBUV instrument photo- a0
multiplier tube (PMT) increases by four orders of magni-
tude in approximately 5 min when the instrument first comes
out of darkness on each orbit. If the PMT gain does not re-
spond quickly to this change, anode signals will be lower
than expected for such conditions (observed at high South- _1'5 =
ern Hemisphere latitudes for an instrument in an afternoon ___ \ic. auramLs % Diff

Equator-crossing orbit) until the PMT response stabilizes. NiZ - AURA MER

The term “hysteresis” is used here to describe this effect be-

cause the PMT current history affects the observed responsé&i9- 12. Profile ozone differences [in percent] between Aura MLS
PMT cathode signals are not affected by the hysteresis probY -3 data and SBUV/2 instruments on NOAA-16, NOAA-17, and

lem. While this effect can be approximatel arameterizedNO‘ A-18, using zonal averages betweer? 85-50° S for the pe-
: . . PP yp o . “riod July 2005—June 2007. Comparisons to the SBUV V8 data prod-
as a function of solar zenith angle, surface conditions with

. ) . uct are shown in the top panel, and comparisons to the SBUV V8.6
higher or lower radiance values along the orbit track (€.9-product discussed in this paper are shown in the bottom panel.
bright clouds or ice, dark ocean) will also influence the PMT

current history for that orbit, and thus the magnitude of cor-
rection needed. ating at 343 nm) is not affected by the PMT problem, and
A previous analysis of this problem was published for thus can be used as a reference to quantify the hysteresis er-
NOAA-9 SBUV/2 (DelLand et al., 2001). Significant effects ror. We used the accumulated PMT counts during each orbit
were only observed shortly after crossing into daylight for as a proxy for PMT anode current to develop an effective pa-
PMT anode signals (gain ranges 1 and 2). Since PMT cathrameterization of the hysteresis effect. The resulting correc-
ode data in gain range 3 were not affected, we used intertion can reach zero at relatively high latitudes during South-
range ratio data (described in Sect. 2.3.1) to characterize thern Hemisphere summer when early orbit measurements are
error. The hysteresis effect was characterized as a quadratigken over the bright Antarctic continent (Fig. 13a), or ex-
function of SZA for each day, with a maximum radiance cor- tend to the Equator in Southern Hemisphere winter when
rection of~2 % at SZA=85°, decreasing to no correction at early orbit measurements are taken over the much darker
SZA=65. For NOAA-11 and subsequent SBUV/2 instru- ocean (Fig. 13b). The magnitude of the Nimbus-7 SBUV
ments, on-orbit analysis shows0.5 % maximum hysteresis hysteresis correction also varied over time, with values in
effect for PMT anode measurements, so no correction hag99o only half as large as those observed in 1979-1980. Fig-
been applied to these data. ure 14 shows the calculated time dependence of the hystere-
The Nimbus-7 SBUV instrument has a significantly larger sis correction at a signal level of 10 000 accumulated counts,
hysteresis error (maximum effeet8—9 %), which affects all ~ which typically corresponded to SZA 83°—85°. The esti-
measurements because all data from this instrument wergated accuracy of this correction, which is applied equally to
collected from the PMT anode. This error can be charac-all wavelengths for an affected scan, is approximately 0.5 %.
terized using concurrent samples collected by a photodiode,
which receives approximately 10 % of the incoming radiation
through the use of a splitting mirror. This photodiode (oper-

T
sof- V86

Approximate Altitude (km)

={10.00
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Nimbus—7 SBUV Observed Hysteresis Error Nimbus—7 SBUV Hysteresis Time Dependence
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Fig. 14.Time dependence of the Nimbus-7 SBUV hysteresis correc-
Fig. 13.Hysteresis error for Nimbus-7 SBUV reflectivity measure- tion for a signal level of 10 000 accumulated counts. The functional
ments, plotted as a function of accumulated counts. The dark tickKorm used to parameterize the hysteresis correction is also shown.
marks in each panel show the approximate latitude corresponding to
the indicated signal leve(a) Average values for 3—6 January 1980.
(b) Average values for 29 June—2 July 1980.

4.2 Out-of-band stray light

The terrestrial backscattered radiance increases by four oz
ders of magnitude over a narrow wavelength range (250-3
340 nm), as shown in Fig. 5, so that SBUV radiance mea-:
surements at short wavelengths are sensitive to out-of-ban®
(OOB) contamination from long wavelength signals. The

prelaunch test requirement for SBUV/2 instruments only ad-
dressed the magnitude of the signal at 200 nm with respec

to the signal at 400 nm, which all instruments satisfied. Fig- Waselength (un)

ure 15 shows the spectrum .Of a ground-based zer.1|th Sk)éig. 15. Zenith sky radiance observed by the SBUV/2 FM#8 in-
measurement with the FM#8 Instrument currently flying on strument (flown on NOAA-19) during laboratory testing in Octo-
the NOAA-19 spacecraft. The radiance values below 290 nyer 2000, normalized to the signal at 400 nm. The 12 wavelengths
should be constant at the instrument noise level due to atysed for normal discrete ozone measurements are indicated by filled
mospheric ozone absorption. However, there is a steady insquares. Reproduced from Ball Aerospace (2005) with permission
crease in the observed signal between 240 nm and 290 nnof Ball Aerospace and Technology Corporation.
which we attribute to contamination from signals at longer
wavelengths. This result is confirmed on-orbit by looking
at the correlation between fluctuations in short wavelength(FWHM)). This form is consistent with the OOB error
albedo, which is expected to change smoothly along the orebserved in the prelaunch skylight test.
bit, and concurrent surface reflectivity variations, as shown In order to determine an OOB correction function for each
in Fig. 16. In order to determine the contribution to this con- instrument, we generate an appropriate high resolution radi-
tamination signal from nearby wavelengths, we need a modehnce spectrum using a synthetic albedo spectrum created by
of the SBUV/2 slit function. the TOMRAD code (Joiner et al., 2004) for specific view-
Laboratory measurements of mercury lamps with SBUV/2ing conditions, a high resolution solar irradiance spectrum
instruments show “wings” surrounding narrow emission measured by UARS SOLSTICE (Rottman et al., 1993), and
lines such as the strong feature at 253.7 nm. We found thathe spectrally dependent prelaunch radiance sensitivity for
these wings could be characterized with linear segmentshat instrument. Least squares fitting of this composite spec-
(on a logarithmic intensity scale) of approximately 70 nm trum to the skylight data indicated that slightly longer slit
nominal length added to the base of the nominal slit func-function wings were needed, which was confirmed with on-
tion (triangular bandpass, 1.1 nm full width at half-maximum orbit correlation analysis results. The modified slit function
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Correlation of Albedo Measurements between 273.58 nm and 379 nm NOAA-17 SBUV/2 Out-of-Band Radiance Error (80% Scene Reflectivity)
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) . Fig. 17. Calculated out-of-band (OOB) contamination for NOAA-
Fig. 16. Scatter plot of NOAA-17 uncorrected albedo deviations 17" spuv/2 at solar zenith angle30°, total ozone=275 DU

from zonalhaverafge at 273'5 nm vs. concurrent CCR measurementyefieciivity = 80 %. The 12 wavelengths used for normal discrete
Data are shown for 2 July 2003. ozone measurements are indicated by asterisks. The inset panel ex-
pands the 290-310 nm wavelength region.

model was then used to calculate OOB errors for different

measurement conditions. The magnitude of the OOB errotongward of 300 nm. We use the term “in-band stray light”
for each scan is parameterized using the observed radiand8BSL) to distinguish this error from the problem described
at 331 nm, since this wavelength falls within the wings of in Sect. 4.2. The presence of IBSL error at SZA0°, when

the modified slit function. Observed CCR variations within the Earth is in shadow but the Sun still illuminates the space-
each scan are used to adjust the calculated OOB error magraft, demonstrates that the source of the error is the solar
nitude as necessary for short wavelength channels. The consignal (as opposed to terrestrial radiance). No corresponding
plete OOB error is parameterized as a function of solar zenitrerrors are seen in concurrent CCR data, indicating that the
angle, reflectivity at 331 nm, nominal pressure level for theproblem only affects monochromator measurements.
reflecting surface, total column ozone, and nominal profile The NOAA-17 SBUV/2 instrument (FM#6) used a 4-
shape (low, middle high latitude) for each scene. Figure 17segment depolarizer with glass elements separated by small
shows the spectral dependence of the OOB error for NOAA-air gaps, rather than being in optical contact as with earlier
17 SBUV/2 for a high contamination scene (SZ80°, to- SBUV/2 instruments. The same design change was made for
tal ozone= 275 DU, reflectivity= 80 %). Note that the com- the FM#5, FM#7, FM#8 instruments flown on the NOAA-14,
puted OOB error for radiances at operational wavelengthdNOAA-18, and NOAA-19 spacecraft, respectively, and sim-
reaches 14 % at 273 nm for these conditions, then falls welilar IBSL problems have been observed for each of these in-
below 1 % for wavelengths longer than 302 nm. The typical struments. The basic analysis procedure described below for
uncertainty in this calculated error is approximately 0.2 % or NOAA-17 SBUV/2 has also been applied to determine IBSL

less, as discussed in the Supplement. corrections for the NOAA-14 and NOAA-18 V8.6 ozone
data products. The functional form described here can be ex-
4.3 In-band stray light trapolated for use in operational ozone processing, and is up-

dated annually. A more extensive discussion can be found in
Figure 18 shows the variation of NOAA-17 SBUV/2 273 nm Huang et al. (2012).
albedo values at SZA 60° for July 2002. Northern Hemi- To characterize the IBSL problem, we first look at night
sphere data show a smooth decrease with increasing SZAide data away from the terminator, where earthshine does
falling to zero beyond the terminator (SZA90°). How- not affect the analysis. Measurements at SZ96° and
ever, Southern Hemisphere albedo data increase-®y-  SZA =108 show an approximately linear variation in mag-
25 % over a short range (SZA76°-78), and remain ele- nitude with increasing SZA, as well as a strong seasonal
vated on the night side until the satellite passes into Eartttorrelation of this slope with spacecraft-centered solar az-
shadow at SZA=-118. The onset of this behavior is ex- imuth angle (SCSAA). The IBSL error can be separated into
tremely repeatable in solar zenith angle throughout the yeattime-dependent and SCSAA-dependent components. Fig-
which means that the latitude of onset varies with seasonure 19 shows that the magnitude of the correction function
The relative magnitude of the error observed in raw dataslope (dIBSL/dSZAgignt derived from nightside data gen-
decreases with increasing wavelength, and is less than 1 %rally decreases with time. Note that because the relative
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Fig. 18.NOAA-17 SBUV/2 uncorrected radiance data for July 2002 ’
at 273.6nm and solar zenith angle60° for Northern Hemi- Fig. 19.Time dependence of linear slope (dIBSL/dSZ#): char-
sphere measurements (blue) and Southern Hemisphere measumsterizing solar zenith angle dependence of NOAA-17 IBSL error
ments (red). The onset of the in-band stray light (IBSL) error is on the night side. All values have been normalized to the initial re-
evident at SZA=76°~78 in the Southern Hemisphere. The satel- sults derived in August 2002. The seasonal variation in slope due to
lite passes into the Earth’s shadow at SZA17 while orbiting at ~ orbital change has been removed.
an altitude of 810 km.

the overall correction, so that the uncertainty due to this
magnitude of the long wavelength IBSL correction is very correction for short wavelength radiance data (most impor-
small compared to the radiance signall0~*), the posi-  tant for calculating upper profile ozone) is approximately 1—
tive change of the correction early in the NOAA-17 record 2 %. This additional uncertainty is only present for a limited
for these wavelengths is not significant. The SCSAA de-subset of the NOAA-17 measurements where SZA5°
pendence can be characterized with a cubic function scalei experienced, occurring above°665 S latitude in sum-
to each wavelength. As a result, the normalized slope ofmer months and extending down e15° S latitude in win-
the correction, (dIBSL/dSZAjght/IBSL, is approximately  ter months. Note that while NOAA-17 IBSL corrections are
wavelength-independent. applied in the Southern Hemisphere, NOAA-18 IBSL cor-
Extrapolation of the night side IBSL correction functions rections are applied in the Northern Hemisphere. NOAA-
to the onset of IBSL errors at SZA75° on the day side 14 IBSL effects were observed in the Northern Hemisphere
gave results that did not agree with the observed radianc#hile the satellite was in an afternoon Equator-crossing or-
errors. We therefore evaluated NOAA-17 day side errors bybit, then shifted to the Southern Hemisphere when it drifted
comparing initial profile residuals with unaffected NOAA- past the terminator.
16 observations, averaged in Dlatitude bands. These data
were used to characterize the background albedo variatiod.4 SBUV/2 grating drive errors
prior to the onset of IBSL contamination, and then deter-
mine a linear SZA dependence for both the rising sectionThe SBUV/2 instruments use a grating drive with an op-
of albedo data (SZA- 76°-78) and the value at SZA:- 80°. tical encoder to select each wavelength sequentially dur-
We then used a linear fit between the derived IBSL errorsing an individual scan. The position reached by the grat-
at SZA=80" and SZA=96° to determine the correction ing drive for each sample is recorded. Due to mechanical
function slope (dIBSL/dSZAjy, which is used to calcu- problems, some instruments have experienced wavelength
late the error throughout this SZA range. Since measuremergelection problems where the indicated measurement loca-
noise limits this analysis to shorter wavelengths, we derivetion differs from the intended value by one or more grating
the average of (dIBSL/dSZ#)y for the four shortest wave- positions (1 GPOS 0.075nm). The NOAA-9 and NOAA-
lengths and assume that the normalized correction slope i§1 SBUV/2 instruments had relatively minor grating drive
still wavelength-independent. We force the day side functionproblems that developed later in each instrument’s lifetime,
to merge with the night side results at SZ/96° to calculate  with typical errors of+1-2 GPOS. The NOAA-14 SBUV/2
an IBSL correction for all wavelengths. instrument had more severe grating drive problems (multi-
We estimate that the uncertainty in the IBSL correction ple channels affected, frequent errors ®86POS= 4+3-4)
function for each affected instrument is less than 10% ofthat began to appear a few months after launch. These errors
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halted operations on a few occasions in 1996 and 1998, antlable 1.Long-term albedo uncertainty at selected wavelengths for
eventually forced the channel 5 wavelength to be changedhypothetical merged V8.6 ozone data set.
from 292.3 nm to 295.0 nm in June 1998. The SBUV/2 grat-

ing drive was modified after the launch of NOAA-14 to Data Time Channel2  Channel 11

improve its long-term stability. Among more recent instru- Set Period Uncertainty  Uncertainty

ments, only NOAA-17 has developedl GPOS errors at Nimbus-7 1978-1989 1.6% 1.1%

channel 12 (339.8 nm), and these errors have minimal impact  NOAA-11  1989-1995 0.6 % 0.6%

on derived ozone values because that channel is not used in  NOAA-14 1995-2005 1.1% 1.1%

the ozone retrieval. NOAA-17 2005-2010 0.8% 0.8%
Grating drive errors are characterized for V8.6 ozone pro- overlap 1998-2000 0.6% 12%

cessing by calculating daily average errors based on all mea- RSSSum  1978-2010 2.3% 22%

surements at each wavelength. The albedo values in each

scan are then corrected for wavelength selection error using

interpolation of the nominal ozone cross-section and solar

irradiance spectra. Note that the actual wavelength for an insurements produces an average albedo calibration difference
dividual sample may still be in error by up t80.5 GPOS  of 1.2(#-1.0) % in this overlap period, with smaller values at
(0.038 nm) because of digitization in the grating drive read-shorter wavelengths.

out, which could lead to increased errors in the retrieved Determining an overall V8.6 data set uncertainty depends
ozone profile. The overall impact in the data set of any un-in part on how the combined data set is constructed. Table 1
corrected grating drive errors can depend on the magnituderesents an arbitrary choice of data sets that spans the com-
of the error, the frequency of occurrence, and the number anglete data record, along with the estimated time-dependent
spectral location of the channels affected. The impact of suclalbedo uncertainty values for chan. 2 (273.5 nm) and chan. 11
uncorrected errors in the ozone product is typically reduced331.2 nm) as derived in the Supplement. The NOAA-11 un-

with spatial and/or temporal averaging. certainty values are reduced from those listed in the Supple-
ment because only part of that data record would be used. In-
4.5 Nimbus-7 chopper non-sync cluding the overlap uncertainty values as derived above, we

calculate an estimated albedo uncertainty of 2.3 % for chan. 2
The Nimbus-7 SBUV chopper wheel began to lose syn-and 2.2 % for chan. 11 over the 32-yr data record. This result
chronization with the counting electronics on 13 Febru- does not include the absolute uncertainty for any instrument.
ary 1987. Measurements made after this date were charac- An alternate approach to calculating the overall uncer-
terized by significantly higher noise in each scan. A correc-tainty is to begin with the absolute uncertainty values for the
tion function was developed based on the coherence of cOINNOAA-17 and SSBUYV instruments. We extend the NOAA-
cident 343 nm photometer data, as described by Gleason andy uncertainty forward to the beginning of the NOAA-14
McPeters (1995). This correction decreased monthly averaggecord using time-dependent and NLTD values for NOAA-
Umkehr layer ozone standard deviation values by 20-50 %316 and NOAA-14. We extend the SSBUV uncertainty for-
Nimbus-7 profile ozone data during the “non-sync” period ward to the beginning of the Nimbus-7 record using the time-
(1987-1990) do not show a bias relative to the 1978-198Gependent and coincidence uncertainty values for NOAA-
data. However, anomalous profiles are much more likely to11 and Nimbus-7. Combining these quantities gives an es-
occur during this period, and users should be cautious whefimated albedo uncertainty of 2.8 % for chan. 2 and 2.9 % for
examining individual ozone profiles. chan. 11 over the complete data record. The uncertainty val-

ues derived using these different methods should be viewed

as an approximate guide, rather than an exact result to be
5 Overall data set uncertainty and quality used for any merged V8.6 data set.

There is no single determining factor that defines the

The individual SBUV V8.6 data sets described in this paper‘best” choice of SBUV V8.6 data sets to use when more
can be used to create a continuous 32-yr ozone data recotttian one instrument is available. In order to provide some
from 1978 through 2010, following the calibration chain guantitative recommendation as to how to best use V8.6 data
shown previously in Fig. 11. We can define two groups of in such situations, we define two parameters from the final
data sets, one with calibrations referenced back to NOAA-11yesidual values to help indicate the relative quality of the re-
and the other with calibrations referenced back to NOAA-17.trieved ozone profile. Relsong represents the range (maxi-
In order to estimate an overall long-term uncertainty for themum — minimum) of the final residuals for the three longest
V8.6 record, we first examined the overlap period betweenwavelengths used in a retrieval, and provides information
NOAA-11 and NOAA-14 during 1998—-2000, where different about the lower portion of the ozone profile. R&isort rep-
calibration technigues were used for each instrument. Apply+esents the range of the final residuals for all shorter wave-
ing the NLTD approach discussed in Sect. 3.4 to these medengths used in a retrieval, and provides information about
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Fig. 20. Time series of final residual range for the shortest wave-Fig. 21. Time series of final residual range for the three longest
lengths used in the V8.6 profile ozone retrieval (Fssort). All wavelengths used in the V8.6 profile ozone retrieval (Resg).
values are averaged over each month arfd220 N latitude. All values are averaged over each month ant2020 N latitude.

the upper portion of the ozone profile. We have calculatedments of Antarctic snow and ice-covered regions at 340 nm
monthly average values of Ré®ng and ResShort averaged provides instrument sensitivity change information that com-
between 20S and 20 N in order to provide a relative assess- plements the solar measurements and on-board diffuser cal-
ment of data quality between different instruments. Figure 20ibration system, and in some cases yields a better long-term
shows the averaged R&hort time series values for all over- characterization.

lapping instruments, and Fig. 21 shows the corresponding The temporal overlap between 7 of these data sets allows
averaged Rekong time series values. A moderate increaseUs to further inter-calibrate these instruments to create a con-
in averaged residual range values is typically observed atinuous 32-yr ozone data record for long-term trend studies.
SZA> 70°, which corresponds to terminator-crossing peri- The more recent SBUV/2 instruments (NOAA-16, NOAA-
ods for the low latitudes used to create these figures. Specifié 7, NOAA-18) have better data quality than earlier SBUV/2
features visible for individual instruments include the onsetinstruments due to improvements in instrument design and
of Nimbus-7 chopper non-sync problems in 1987, volcanicless orbit drift. We focused on concurrent measurements with
eruption effects at long wavelengths in 1982 (El Chigh  NnO local time difference between two instruments to develop
and 1991 (Mt. Pinatubo), and NOAA-14 scene brighmesscalibration adjustments that link these overlapping data sets
change representation in 1995. NOAA-9 residual range valiogether. We estimate the long-term uncertainty of the albedo
ues are frequently higher than overlapping instruments, andalues used in the V8.6 retrieval algorithm for a single wave-
are not recommended as a primary data choice when othdength to be approximately 3% or less over the length of this
measurements are available. combined data record.

Supplementary material related to this article is
. available online at: http://www.atmos-meas-tech.net/5/
6 Conclusions 2951/2012/amt-5-2951-2012-supplement.pdf

The SBUV V8.6 data set represents ozone data products from

8 different instruments covering more than 40yr. We have

analyzed prelaunch measurements, on-orbit calibration sysAcknowledgementsiVe gratefully acknowledge the efforts of
tem data, and carefully selected operational measurements f82ny people who have contributed to thg calibration of the SBUV
produce radiance-based absolute and time-dependent chard@siruments over the past 40 years. This work was supported by
terizations of these instruments. We supplement the labora~/*SA through contract NNHOSHX18C.
tory_and on—qrbit calibrgtion measurements with “soft” c_aIi- dEdited by: M. Weber
bration techniques that improve the accuracy of the retrieve

ozone profiles. In particular, we have used soft calibration

to determine small absolute adjustments to individual chan-

nels for NOAA-17 that let us use those data as a baseline for

intercalibration of other instruments. Analysis of measure-
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