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Abstract. Accurately measuring long-term solar UV variability is an experimental challenge
because instrument response degradations are typically large enough to obscure solar change. For
satellite instruments, one solution is a series of regular comparisons with a well-calibrated refer-
ence. The NOAA 11 Solar Backscatter Ultraviolet, model 2 (SBUV/2) instrument made solar
spectral irradiance measurements between 170 and 400 nm from December 1988 to October 1994,
covering the maximum and most of the decline of solar cycle 22. The NCAA 11 irradiance data
were corrected for long-term instrument sensitivity changes using comparisons with coincident
flights of the Shuttle SBUV (SSBUV) instrument. The NOAA 11 data show a decrease of
7.0(=1.8)% in smoothed 200-208 nm irradiance from Cycle 22 maximum in mid-1989 to October
1994, near solar minimum. The long-term decrease in solar irradiance at 250 nm was
~3.5(£1.8)%. Longward of 300 nm, no solar variations were observed to within the 1% accuracy
of the data. The NOAA 11 measurements overlap observations from the Upper Atmosphere Re-
search Satellite (UARS) Solar Stellar Irradiance Comparison Experiment (SOLSTICE) and Solar
Ultraviolet Spectral Irradiance Monitor (SUSIM) instruments from October 1991 to October 1994,
providing the first opportunity to compare three coincident long-term solar UV irradiance data
sets. We find reasonable agreement between the NOAA 11, SOLSTICE, and SUSIM results at all

wavelengths in the 170-400 nm region. Power spectral analysis gives consistent results for all
three instruments on solar rotational timescales, and reveals the evolution of solar rotation perio-
dicity and strength during a solar cycle. We find significant differences between instruments in
both period and spectral location when the spectral irradiance data are analyzed on intermediate
(50-250 days) timescales. The NOAA 11 spectral irradiance data provide a valuable complement
to the UARS solar data, and capture the entire maximum of solar cycle 22.

1. Introduction

Characterization of solar activity is a key aspect of a compre-
hensive understanding of the Earth's climate, both past and present.
Variations in the visual appearance of the Sun have been observed
for ~2000 years and quantified in the form of sunspot numbers
since the 17th century [Foukal, 1990]. During the first half of the
- 20th century, many observers attempted to determine whether the
integrated, or "total," solar irradiance S varied over short (days to
weeks) or long (months to years) time scales (see Hoyt [1979] for
a review of the Smithsonian Astrophysical Observatory program).
Although some observers claimed to see variations of 1-2% on
short timescales, long-term variations were difficult to reliably
extract. Hoyt [1979] has reanalyzed the Smithsonian data and
found AS £ 0.1% over 30 years. The advent of satellite-based total
irradiance measurements in the late 1970s and early 1980s provided
much more precise data. Current estimates of AS are ~0.10-0.15%
over an 11-year solar cycie, with short-term decreases up to 0.2%
due to large sunspot groups (see the review by Lean [1991]).
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While the solar irradiance in the visible wavelength region
{~400-700 nm) is nearly constant, the nature of solar activity
changes in the middle and near ultraviolet (UV) region, defined
here as ~200-400 nm. For A ~ 300-400 nm, the emitted solar
radiation is basically photospheric, with the exception of deep
absorption features such as Ca I K and A at 393.4 and 396.8 nm,
whose cores are generated in the lower chromosphere. Long-term
variations at these wavelengths are believed to be <1% ovEra solar
cycle, which is below current capabilities for direct irradiance
measurements. In the region ~180-300 nm, observed solar radiation
is generated in the upper photosphere. Variations on both short and
long timescales are observed, which can be correlated with solar
magnetic activity. The amplitude of the variability increases at
shorter wavelengths. The short-term variations are caused by bright
active regions (plages and facuiae) rotating in and out of the field
of view as seen from Earth, giving a nominal period of 27 days
corresponding to the solar rotational period {Lean, 1987]. The
decay of oid regions and emergence of new regions (possibly at
different heliocentric longitudes) during all periods of moderate to
high solar activity leads to variations of =3 days in the observed
solar rotational period over time. Irradiance variations on times-
cales of several months are also produced by this growth/decay
process but are rarely periodic in nature. Long-term variations tend
to foliow the level of magnetic activity, with contributions from
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active network components as well as plages [Harvey and Living-
ston, 19941

2. Measurement History

Measurements of solar irradiance from the Earth's surface are
only capable of measuring meaningful irradiance values down ©
~295 nm. The determination of the absolute solar irradiance and its
variability in the mid-UV therefore requires the use of rockets,
balloons, and/or satellites to gather the necessary data. Rocket

instruments have the advantage that absolute calibrations can be

obtained both before and after flight, but they can only provide a
"snapshot” in time of solar behavior. The first solar measurements
in the mid-UV wavelength region were made from a V-2 rocket in
1946 [Baum et al., 1946)]. Further measurements in the 1950s and
early 1960s were reviewed by Tousey [1963], and additional
measurements were obtained in the late 1960s and mid-1970s by
various groups and individuals [e.g., Broadfoot, 1972; Heroux and
Swirbalus, 1976]. In the 19805 mump;e rocket experiments were
HOWn Oy groups at {HC UﬂthrbRy Ui \/USdeUU/LdOUidLOT_\/ 'ECOT
Atmospheric and Space Physics [Mount and Rottman, 1981, 19832,
b] and NASA Goddard Space Flight Center [Mentall et al., 1981,
1985; Mentall and Williams, 1988}. Solar UV irradiance meas-
urements in the 200-300 nm region have also been made from
stratospheric balloons [e.g., Hall, 1983; Hall and Anderson, 1984].
The calibration accuracies of these measurements have generally
been insufficient to permit quantitative estimates of solar variabil-
ity, although Hall [1983] noted 2 20% increase from solar cycle
minimum to maximum in the emission cores of the Mg II 2 and &
lines at 279.6 and 280.3 nm.

Satellite instruments offer the best method to determine the
magnitude of solar UV variability on rotational and solar cycle
timescales through the accumulation of extended time series. The
first such instruments designed to measure mid-UV solar activity
were launched in the 1968-1970 period. A photodiode experiment
measuring in the 30-210 nm region was flown on an Air Force
satellite in July 1968 [Prag and Morse, 1970}, with a 27-day
iifetime. The Monitor of Ultravioiet Solar Experiment {(MUSE)
instrument also used broadband photodiodes centered at 120, 180,
and 260 nm for flights on the Nimbus 3 (April 1965 to January
1972) [Hearh. 1969} and Nimbus 4 (April 1970 10 May 1977}
spacecraft, as well as an August 1966 rocket flight {Heath, 1973].
in addition, the Backscattered Ultraviolet (BUV) spectrometer,
measuring at 12 discrete wavelengths between 255 and 340 nm, was
also flown on Nimbus 4. These instruments gave the first quantita-
tive estimates of solar UV variability on rotational timescales,
ranging from 60% at 115-210 nm [Prag and Morse. 1970] to ~4%
2t 200 nm and 1% at 300 nm [Heath, 1973]. Hinteregger {1976}
exarnined data from the solar EUV spectrometer (EUVS) instrument
on the AE-C satellite and found rotational modulation of £ 15% in
the 135-183 nm region between January 1974 and May 1975.
These limited long-term observations did identify a serious diffi-
culty with satellite UV measurement instruments, specifically the
rapid degradation rate of instrument optics. For Nimbus 3 MUSE,
an exponential decay in signal strength was observed, with changes
up to 25% over a single orbit during severe geomagnetic conditions
[Heath, 1973]. The aluminum diffuser plate used to provide a
diffuse source of solar irradiance for the Nimbus 4 BUV instrument
was also found to rapidly decrease in reflectivity {a factor of 2-3 at
255 nm in less than 6 months (D. F. Heath, unpublished data,
1975)) due to continuous exposure, such that a meaningful estimate
of long-term solar UV irradiance variability could not be deter-
mined [Flieg et al., 1981]. These large instrument response
changes were a major impediment to the characterization of long-
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term solar UV variability. The review by Smith and Gottlieb [1974]
concluded that there was no variability in the solar irradiance
longward of 150 nm over a solar cycle. Ackerman [1974] suggested
that while there might be solar cycle irradiance variations of a few
percent at A < 210 nm, it was uniikely that corresponding effects
would be observable in stratospheric ozone. However, in sharp

contrast to thase conclusions. the MUSE and RUV data were

contrast to those conclusions, the MUSE and BUV data
combined to infer much larger variations on solar cycle timescales,
~80% at 200 nm and 18% at 300 nm [Heath and Thekackara,
1977]. A review by Simon [1981] proposed considerably lower
vzlues for solar cvele variability (AF = 10-20% at 175-200 nm, <
10% at 200-240 nm, <2% at 240-330 nm) but also noted that the
long-term repeatability of available data was only ~10%.

The next set of significant satellite solar spectral UV measure-
ments began near the maximum of solar cycle 21, with the launch
of the Nimbus 7 Solar Backscatter Ultraviolet (SBUV) instrument
in October 1978. The primary objective of the SBUV instrument
was the measurement of stratospheric ozone profiles using back-

scattered UV radiation {Heath etal.,, 1975]. Nimbus 7 SBDV 2ls0
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region 160-400 nm at 1.1-nm resolution from November 1978 to
February 1987 by deploying a diffuser plate to direct sunlight into
the nadir-viewing instrument. Although the SBUV instrument did
not carry an onboard calibration system, changes in the frequency
of observations during its operational lifetime were used to assess
long-term instrument sensitivity changes [Cebula et al., 1988;
Herman et al., 1990; Schiesinger and Cebula, 1992]. Using data
corrected by this method, estimated solar irradiance changes from
maximum to minimum for cycle 21 (incorporating all error esti-
mates) were 5-8% at 205 nm and 1-4% at 210-260 nm [Schiesinger
and Cebula, 1992]. Daily solar spectrai UV data were 2lso taken

rom January 1982 to Aprii 1989 by the Solar Mesosphere Explorer
{SME) satellite {Rottmar et al., 1982; Rottman, 1988]. SME made
solar measurements over the 120-300 nm wavelength region at
0.75-nm resolution, using a singie Ebert-Fastie spectrometer. Long-
ferm instrument response changes were characterized by comparing
the primary “"working" solar diffuser with a seldom-used test
diffuser, which was assumed t¢ be stable over time. Absolule
calibration was determined from several rocket observations {e.g.,
Mount and Rottman, 19832]. The estimated error in the long-term
drift correction was ~2%/yr at Lyman o (121.6 nm) and ~1%/yr at
200-30C nm [Rottman, 1988]. Thus the estimated solar irradiance
variations measured by SME for the decline of cycle 21 were
~50(=10)% at 121.6 nm (Ly ), 6(=4)% at 200 nm, and 2(=4)% at
300 nm. The solar cycle variation results from Nimbus 7 SBUV
2nd SME are in general agreement within their respective 1o error
bars. However, the magnitude of the uncertainty in these solar
variability measurements, roughly 3-4%, is still large relative to the
accuracy desired.

Solar irradiance in the 200-300 nm wavelength region is largely
absorbed in the stratosphere, where it directly impacts ozone
abundances through the modification of photolysis rates. Theoreti-
cal work predicts [e.g., Brasseur, 1993; Fleming et ai., 1995;
Jackman et al.. 1996] and observations confirm [e.g., Chandra and
McPeters, 1994: Keating et al., 1994 Reinsel et al., 1994; Callis
et al., 1997] an approximate 1.2-2.0% solar cycle-driven variation
of global mean total ozone. Solar cycle variations in stratospheric
temperature and geopotential height are also observed [e.g.,
McCormack and Hood, 1996; Hood, 1997]. These solar cycle
length ozone changes are comparable to the observed ~2%/decade
long-term decrease in total ozone [Bojkov et al., 1995} Thus
tracking long-term solar change to an accuracy of ~1% near 205 nm
is required to thoroughly understand the role of solar variations in
atmospheric change (L. Hood, private communication, 1997). For
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solar cycle 22, numerous additional satellite data sets are available
to help quantify long-term solar UV spectral variability.

2.1. SBUV/2 Instruments

The NOAA 9 SBUV/2 instrument [Frederick et al., 1986] be-
gan taking spectral scan solar measurements in March 1985 and
continued near daily observations untii May 6, 1997. These data
constitute the longest set of solar UV measurements from a single
instrument. These measurements are very similar to the Nimbus 7
SBUV measurements, covering the 160-400 nm wavelength region
at 1.1-nm resolution. Discrete solar measurements at 12 wave-
lengths surrounding the Mg II absorption line at 280 nm began in
May 1986 and continued through February 1998. NOAA 9 space-
craft operations were terminated on February 19, 1998. The
SBUV/2 discrete solar data provide better signal-to-noise and
wavelength stability than the spectral scan date, but only 12 wave-
lengths are observed. NOAA 9 discrete Mg II index data have been
published by Donnelly et al. [1994] and Deland and Cebula
[1998]. NOAA 9 was designed with an onboard calibration system
to monitor diffuser plate changes during flight, but the system did
not operate correctly [Frederick et al., 1994], and calibrated irradi-
ance data are not currently available. Cebula et al. {1992] and
DeLand and Cebuia {1993] constructed 2 Mg I proxy index from
the NOAA 9 spectral scan irradiance data to study both short-term
and long-term solar UV variability. The uncorrected spectral scan
data can 2iso provide information on short-term variability [Schles-
inger et al., 1990; DeLand and Cebula, 1998]. The NOAA 11
SBUV/2 instrument, which 2lso carried an onboard calibration
system, was launched in September 1988 and began taking data in
December 1988. NOAA 11 solar measurements continued until the
failure of the diffuser mechanism in October 1994. The onboard
calibration system worked well for this instrument [Weiss et al.,
1991; Hilsenrath et al., 1995] and characterized the long-term
changes in diffuser reflectivity to an accuracy of =£0.2%/yr (2c).
Remaining instrument throughput changes observed in solar
measurements could not be characterized solely from onboard data
and required an alternative method of characterization. Compari-
sons with coincident measurements from the Shuitle SBUV
{SSBUV) instrument were used to derive corrected NOAA 11
irradiances, as discussed by Cebula et al. [this issue]. The NOAA
14 SBUV/2 instrument was launched in December 1994 and
commenced regular solar observations in February 1995. This
instrument began experiencing grating drive problems during
spectral scan observations in July 1993, and by September 1995 the
spectral scan data were no longer usable shortward of 280 nm.
NOAA 14 spectral scan solar measurements were terminated on
October 6, 1995.

2.2. Other Sateilite Instruments

The Airglow-Solar Spectrometer Instrument (ASSI) flew on the
San Marco 35 satellite between March 25 and December 6, 1988. It
used 18 overlapping channels to cover the waveiength range 20-700
nm, with a resolution of ~1-3 nm [Schmidike et al., 1983]. A
reference EUV spectrum has been published for comparison with
coincident rocket and SME spectral data [Schmidtke et al., 1992},
but the full data set is not yet available. Beginning in September
1991, two instruments onboard the Upper Atmosphere Research
Satellite (UARS) have provided daily solar spectral UV irradiance
data: Solar Stellar Irradiance Comparison Experiment (SOLSTICE)
[Rottman et al., 1993; Woods et al., 1993] and Solar Ultraviolet
Spectral Irradiance Monitor (SUSIM) [Brueckner et al., 1993].
SOLSTICE has a resolution of Ak » 0.1-0.2 nm for daily measure-
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ments, while SUSIM uses resolutions of 1.1 nm and 5 nm for daily
measurements and Ak = 0.15 nm for weekly measurements. Both
of these instruments have greater wavelength coverage (~115-410
nm) than the SBUV/2 instruments, and each contains an onboard
calibration system capable of monitoring end-to-end sensor re-
sponse changes. The Global Ozone Monitoring Experiment
(GOME) instrument on the Earth Remote Sensing (ERS-2) platform
is a double monochromator employing four 1024-element diode
arrays to cover the wavelength range 240-790 nm, with a resolution
of Ak ~ 0.2 nm in the mid-UV [Peeters et al., 1996]. It has been
making measurements since its launch in May 1995 and began daily
observations in June 1996 {Weber et al., 1998]. The Soler Oscille-
tions and Variability (SOVA) experiment flew on the European
Recoverable Carrier (EURECA) recoverable satellite from August
10, 1992 to May 16, 1993 [Wenrli et al., 1995}, using three 5 nm
photometers centered at 335, 500, and 862 nm. Sensitivity changes
in the 335-nm photometer were very rapid (50% during the first 7
days of operation) due to the high duty cycle [Wehrli ez al., 1996].
This experiment was designed to look at short-term variations
{timescales of minutes to days), so long-term response changes were
not deemed to be critical.

2.3. Shuttie Experiments

The space shuttie provides an alternative approach o the deter-
mination of long-term solar change, aliowing instruments to take
measurements during individual flights separated by months or
years. Extensive preflight, inflight, and postflight calibration are
used to achieve the desired accuracy in lieu of continuous observa-
tions. Shuttle-based solar irradiance measurements began with the
Solar Spectrum (SOLSPEC) instrument in December 1983 [Labs et
al., 1987} and continued with the shuttle SUSIM instrument in
August 1985 [VanHoosier et al., 1988] and the SSBUV instrument
in 1989, 1990, 1991, 1994. and 1996 [Cebula and Hilsenrath,
1992; Cebula et al., 1994]. These three instruments aiso flew
together on the ATLAS missions in 1992, 1993, and 1994 [Cebula
etal., 1996, 1998; Woods et al., 1996; Thullier et al., 1997].

Although the SBUV/2 instruments do not have end-to-end cali-
bration monitoring, the NOAA 11 data have been corrected for
throughput change using comparisons with coincident SSBUV data
[Cebula et al., this issue]. The procedures discussed by Cebula ez
al. [this issue] give absolutely calibrated solar UV data from the
NOAA 11 SBUV/2 instrument covering December 1988 to October
1994. Section 3 presents an analysis of the NOAA 11 SBUV/2
irradiance data set, discussing both temporal and spectral variations
of the data, and showing comparisons of observed solar activity
variations with proxy index predictions. Next, we present compari-
sons with contemporaneous UARS SUSIM and SOLSTICE data
from October 1991 to September 1994 to evaluate the consistency
of solar UV irradiance variations determined from three different
instruments on two separate satellite platforms during the latter half
of solar cycle 22. Section 6 examines the nature of periodic solar
activity during cycle 22 using periodogram analysis, with discus-
sion of both temporal and spectral characteristics.

3. NOAA 11 Irradiance Data

A complete description of the NOAA 11 SBUV/2 instrument

nd its normal measurement program are given by Cebula et al.
[this issue] (hereinafter referred to as paper 1). NOAA 11 began
making solar irradiance measurements on December 2, 1988, and
made daily solar spectral irradiance measurements from February
14, 1989, to October 19, 1994. Each daily measurement consisted
of two scans over the 160-406 nm wavelength region at 1.1-nm
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resolution and approximate 0.15-nm sampling. Earth view and
solar view science data and in-flight calibration data were used to
derive corrections for long-term changes in features of the instru-
ment characterization such as goniometry, interrange ratio, and
wavelength scale drift. An onboard calibration system used a
mercury lamp to monitor long-term changes in diffuser plate
reflectivity and wavelength calibration. Additional discussion of
these steps is given by paper 1 and Hilsenrath et al. [1995]. Be-
cause the SBUV/2 instruments do not have the capability to inter-
nally monitor end-to-end calibration changes, an external reference
source was needed to characterize the remaining instrument re-
sponse changes in the NOAA 11 irradiance data. This was accomp-
lished through comparisons with coincident measurements by the
SSBUV instrument [Hilsenrath et al., 1988; Cebula et al., 1994].
Full details of this procedure are presented in paper 1. All NOAA
11 SBUV/2 data are unavailabie for the month of March 1991. As
described in paper 1, additional data gaps are present in September-
December 1993, January-April 1994, and August-September 1994
due to shadowing caused by the drifting satellite orbit.

The NOAA 11 solar spectral irradiance data are available as
daily spectra with 1.1-nm resolution over the wavelength range
170-400 nm; data taken at A < 170 nm were found to be too noisy
for useful analysis, and the NOAA 11 prelaunch calibration is only
valid to 400 nm. A typical spectrum is shown in Figure 1 at the
instrument sampling of AA = 0.15 nm. Prominent features include
the Al ionization edge at 208 nm, the Mg ionization edge at 251
nm, Fe II absorption lines at 260 and 263 nm, the unresoived Mg II
absorption feature at 280 nm, the Mg I absorption line at 285 nm,
and the Ca II X and H absorption lines at 393.4 and 396.8 nm. For
ease of comparison with archived results from the UARS instru-
ments, the NOAA 11 data are presented in this paper as I nm
averages on 0.5-nm centers. This provides improved signal-to-
noise (SNR) for NOAA 11, with six to seven sampies averaged for
each 1-nm bin. The accuracy of the averaged data may have a
slight dependence on spectral location, since the wavelength drift
correction procedure used in paper 1 may not perfectly represent all
changes in regions with sharp irradiance changes, such as the Mg
1 ionization edge (251 nm) or the Mg II absorption feature (280
nm).
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In order to evaluate the quality and information contained in the
NOAA 11 solar irradiance data, it is convenient to first consider
broad spectral regions. The wavelength region 300-400 nm can be
considered to represent the lower photosphere. At the moderate
SBUV/2 resolution of A = 1.1 nm, most of the absorption lines in
this region are not resolved (excepting major features such as Ca Il
K and H), so that the observed irradiance approximates the photo-
spheric continuum. Figure 2a shows the time series of a represen-
tative 10 nm band in this wavelength region (330-340 nm). The
overall change in irradiance is <1% from February 1989 to October
1994. These irradiances were normalized to the average of Febru-
ary 15-17, 1989, because that period represents the start of regular
NOAA 11 daily operations, whereas the December 1988 and
January 1989 data were taken only occasionally during in-flight
instrument activation and evaluation operations. Long-term solar
variations are believed to be <1% for & > 300 nm [Lear, 1991;
Deland and Cebula, 1993; Chandra et al., 1995}, so the trend in
Figure 2a probably indicates the long-term accuracy of the cor-
rected irradiance data. The rise during 1989 suggests 2 possible
overcorrection for instrument response changes. However, as
discussed in paper 1, the limited temporal sampling available from
SSBUV coincidences and the noise level of the NOAA 11 data
makes it difficult to refine the characterization of instrument change
without making an a2 priori assumption as to the final time depend-
ence of the irradiance data. The magnitude and temporal depend-
ence of the long-term variation in Figure 2a is generally representa-
tive of all NOAA 11 data in the 300-400 nm region.

Observed solar irradiance data in the 265-300 nm wavelength
region are lower than the values predicted from the ~5700 X
blackbody temperature that approximates the solar irradiance at
longer wavelengths. While light at these wavelengths is expected to
show little solar variability because it originates relatively low in
the photosphere, the presence of deep absorption features such as
Mg Il and Mg I and the rapid absolute irradiance change (a factor
of 6-8 over Ak = 30 nm) can complicate the analysis for large
wavelength bands. A time series plot averaged over 265-275 nm
looks very similar to the 300-400 nm data through mid-1992 but
shows additional fluctuations in late 1992 and 1993 (Figure 2b).
Analysis of narrow bands reveals that this change is predominately
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Figure 1. The solar irradiance spectrum as measured by NCAA 11 SBUV/2 on December 5, 1988, showing

the location of significant spectral features.
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Figure 2. NOAA 11 irradiance time series averaged over (2) 330-340 nm, (b) 265-275 nm, (¢) 240-250 nm,
and (d) 200-208 nm. Each time series has been normalized to the average of February 15-17, 1989. A 5-day
binomial average has been applied for clarity. The heavy line in Figures 2¢ and 2d represents a 27-day

running average of the data.

caused by wavelength regions which encompass rapid irradiance
changes, such as 268-272 nm. Note that the 265-300 nm region is
somewhat problematic for NOAA 11 irradiance measurements
because the SBUV/2 instrument's electronic design forces 2 gain
range change at Faps ~ 150-175 mW m-2nm-!, so that measure-
ments in this region may have reiatively poor SNR levels. Data
taken at lower or higher irradiance values have significantly better
SNR levels.

The wavelength region 210-260 nm is shortward of the strong
Fe Il absorption features at 260 and 263 nm and provides the first
large-scale example of rotational and long-term solar activity. The
NOAA 11 irradiance data averaged over 240-250 nm are represen-
tative of this wavelength region, and the time series plot in Figure
2¢ shows rotational modulation of up to 3% peak-to-peak (p-p)
during 1989 and 1991. Using a 27-day running average to remove
the effects of rotational activity indicates long-term solar decrease
in this spectral region of 2.5-3.0% from late 1989 through the end
of the NOAA 11 data record in October 1994. Based on sunspot
number, Ry, Wilson [1995] suggests that the maximum of cycle 22
was reached in July 1989, with a secondary maximum in 1991. We
find significant peaks with comparable strength in fall 1989, spring
1991, and spring 1992 in the smoothed irradiance data, which
makes it difficult to unambiguously define the "maximum” of cycle
22. A sharp drop in solar activity during spring 1992 can be also
seen in Figure 2¢, which is associated with the decrease in southern
hemisphere magnetic flux as discussed by White et al. [1994]. The
170-208 nm wavelength region is shortward of the Al ionization
edge and is the primary driver for stratospheric photochemistry.
Aside from a few relatively weak emission lines {e.g., Si Il at 181.6
nm), these irradiances are generated in the upper photosphere. A
time series plot of the irradiance averaged over 200-208 nm is
represemative of the increased solar activity in this wavelength
region (Figure 2d), and shows approximately twice as much activity
as the 210-260 nm region, with up to 6-7% rotational modulation
during solar maximum, and a long-term decrease of ~6% from early
1992 through late 1994.

In order to get an overall sense of the long-term solar spectral
irradiance variations measured by the NOAA 11 SBUV/2 instru-

ment without making dozens of repetitive time series plots, we have
combined time series results such as Figure 2 to produce the spec-
tral change resuits shown in Plate 1. Plate 1 is composed of 10-nm
bands over the full 170-400 nm wavelength range observed by
NOAA 11. The NOAA 11 long-term calibration in the 170-200 nm
region used a self-correcting method because coincident SSBUV
measurements were unavailable, as described in paper 1. Since
these data have a greater jong-term uncertainty than the rest of the
NOAA 11 irradiance date, the dashed line in Plate 1 identifies the
transition between the two regions. Data points exceeding =5¢
from the time series average in each wavelength band were screened
before plotting. Each time series was smoothed with an 8i-day
running average to remove solar rotational activity, then averaged
in 10-day bins to improve temporal clarity and normalized 1o the
bin representing the start of regular NOAA 11 SBUV/2 operations
(February 10-19, 1989). Vertical black stripes represent periods
where no NOAA 11 data are available. The NCAA 11 irradiance
datz show no “long-term” solar changes greater than =1% (light
blue, light green) for most data longward of ~270 nm and for the
210-270 nm region during 1989-1991. The long-term changes in
the level of solar activity at the Al ionization edge (~210 nm) and
the Mg ionization edge (~230 nm) are easily identified-m Plate 1.
The end of the solar cycle 22 maximum in spring 1992 is also
prominent, with an amplitude of approximately —1.5% between
March 1992 and July 1992 over the 210-250 nm region and ap-
proximately —4% between 170 and 210 nm during the same inter-
val.

A significant chalienge with the NOAA 11 soler irradiance data
is deciding how to determine the accuracy of the instrument
throughput correction. The long-term relative accuracy derived in
paper 1 ranges from £0.9% (20) at ~350-400 nm 10 £2.3% (20) at
180 nm. We wouid like to achieve the accuracy observed at long
wavelengths, i.e., =1% over 5.5 years, for the entire 170-400 nm
spectral region in order to satisfy the requirements discussed earlier
for stratospheric change. However, the presence of significant solar
activity at wavelengths shortward of 265 nm complicates the
evaluation of the NOAA 11 irradiance data in this region. As
described by DeLand and Cebula {1993 1, an independent estimate
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of solar spectral irradiance variations can be derived using the Mg
Il index and scale factors. The Mg II index uses measurements of
the Mg II absorption line at 280 nm to derive an index of chromos-
pheric activity which is insensitive to instrument throughput
changes [Heath and Schlesinger, 1986]. In this paper, we use the
NOAA 11 "classical discrete” Mg II index presented by Cebula and
Deland {1998} and shown in Figure 3a. The NOAA 11 Mg II
index shows rotational modulation of up to 7% during 1989-1991
and 2 long-term change (27-day smoothed) of ~7.5% between 1989
and 19%94.

The scale factor values shown in Figure 3b were developed
from analysis of solar rotational variations [Deland and Cebula.
1993]. The irradiance changes predicted by the chromospheric Mg
11 index and scale factors could be incorrect if AMg II{#) does not
accurately represent AF(A.¢) on long time scales. Karivappa and
Sivaramar. {1994] found network elements to represent ~25% of the
disc-averaged Ca II X line emission from spectroheliograms taken
between 1957 and 1983 and showed the network contribution to be
anticorreleted with large-scale solar activity during solar cycles 19-
21. However, Harvey and Livingston [1994] used full-disk images
at He I (10830 A) to show that the increase of ~35 mA in the
equivalent width of that line (excluding rotational modulation) from
solar minimum in 1986 10 maximum in 1989-1991 comes from 10
mA background, 15-20 mA plages, and 5-10 mA filaments. The
overall shape of the long-term response is the same for all three
components despite the differences in amplitude, which implies that
the scale factor method yields appropriate results for both short and
long timescales. Chandra et al. [1995] derived scale factors from
UARS SOLSTICE and SUSIM irradiance datz in the 120-200 nm
wavelength region and the Mg II index date of Donnelly et al
{1994] over both short an: iong timescales. They found the same
scale factor values for the 200-205 nm region in both cases but

n
i

suggested that scale factors based on rotational modulations under-
predict long-term irradiance variations for wavelengths shortward
of 175 nm. For wavelengths longward of 300 nm, irradiance
enhancements due to plages and filaments are in competition with
irrediance decreases caused by sunspot darkening. Any resulting
net irradiance variations are ¢ifficult 1o separate from instrumental
effects. Lean et al. {19971 use a two component irradiance mode!
incorporating both facular brightening (via the Mg Il index) and a
sunspot darkening function 1o more effectively represent solar UV
variability in this spectral region. The Mg II proxy model predicts
no solar change at the =1o level between 290 and 400 nm, with the
exception of absorption lines such as Fe [ (385 nm) and Ca II
(393.4, 396.8 nm).

Using the NOAA 11 Mg Il index and scale factors, we have es-
timated the solar changes at 200-208 nm and 240-250 nm during
1989-1994. The average scale factor from Deland and Cebula
{1993] is 1.05(=0.02) at 200-208 nm and 0.45(=0.05) at 240-250
am, so that the predicted solar changes are approximately —7.9%
and -3.2%, respectively. These changes are consistent with the
values of 7% at 200-205 nm and 3% at 250-255 nm predicted by
Lean et al. [1992] using a similar technique. Both predictions are
in good agreement with the NCAA 11 observations, which indicate
a 27-day averaged change of 7.0(z1.8)% at 200-208 nm and
~3.5(x1.8)% at 250 nm. If the observed solar signai S is repre-
sented by S= IR, where / is the solar irradiance and R is the instru-
ment response, then the estimated solar changes calculated by the
scale factor model aliow us to evaluate the drift in R with time. The
desolarized data (R = S/7) at 240-250 nm, shown in Figure 4a,
exhibit a drift of less than 1% during 1989-19%94. Figure 4b shows
that the desolarized data at 200-208 nm varies by ~1% during the
5.5-year NOAA 11 data record, with some additional drift occurring
during initial operations in December 1988 and January 1989.
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These results suggest that any residual errors in the NOAA 11
SBUV/2 instrument response corrections are basically wavelength-
independent down to 210 nm or so, with some additional error (1-
2% at shorter wavelengths.

We would like to know how to apportion the remaining differ-
ences in Figure 4 between the NOCAA 11 instrument response
correction and the proxy model prediction. The NOAA 11 "classi-
cal discrete” Mg Il index was compared with the NOAA, 9 classical
discrete Mg I index and the UARS SOLSTICE and SUSIM Mg I
indexes by Cebula and Delarnd [1998]. They found that the
NOAA 11 Mg Il data drifted by <1% relative to the NOAA 9 Mg
11 data during 1989-1994 and were also stable to within 1% relative
to the SUSIM Mg II data (after an initial drift, that seems to be in
the SUSIM data). This suggests that the error in the long-term solar
variation predicted by the NOAA 11 Mg II index is approximately
1% or less. Thus the actual decrease in the 200-208 nm irradiance
based on NOAA 11 measurements is 6-7% from 1989 to 1994.

The composite scale factors from Deland and Cebuia [1993]
shown in Figure 3b are predominantly influenced by the Heath and
Schiesinger [1986] Nimbus 7 SBUV results. The NOAA 9 and
NOAA 11 scale factors had larger uncertainties, and thus we can
ask whether those resuits can be improved. Rederiving the NOAA
11 scale factors with the corrected NOAA 11 irradiance data would
probably not have a major effect, since most of the corrections
presented in paper | were primarily aimed at long-term behavior.

A more significant impact would come from using the cleaner
classical discrete Mg II data, as well as additional rotations, to better
constrain the calculated scale factors. We plan to address these
issues in the future. For this paper, we can now compare the NOAA
11 SBUV/2 data with solar irradiance data from other instruments.

4. UARS Solar Data

The UARS sateliite, launched in September 1991, carries a suite
of instruments designed to provide a comprehensive study of the
upper atmosphere and the influences upon it {Reber, 19901, UARS
has two instruments dedicated to solar UV measurements. SUSIM
has a tandem spectrometer design, and covers the wavelength range
115-410 nm with daily measurements at 1.1-nm resolution [Brueck-
ner et al., 1993}, using onboard calibration lamps to track long-term
calibration changes [Floyd et al., 1996; Prinz et al., 1996].
SOLSTICE measures solar irradiances over a similar wavelength
range (115-420 nm) but has a different spectrometer design [Rott-
man et al., 1993] and observes an ensemble of blue-white stars for
long-term calibration purposes {Woods et al., 1993; Rottman and
Woods, 1994]. In this paper, we use the SUSIM V19 irradiance
data, which are available for the period October 1991 to September
1996. The V19 data are very similar to the V18 irradiance data
described by Floyd et al. [1998], which end in January 1996. The
SOLSTICE data used here are the V09 product from the Goddard
Space Flight Center Distributed Active Archive Centre (GSFC
DAAC), which cover the period October 1991 through December
1996. The pointing accuracy of the UARS solar instrument plat-
form was relatively poor during the first few months of operation
(September-November 1991) [Woods et al., 1996}, causing fluctua-
tions in the SOLSTICE and SUSIM irradiance data which are
believed to be instrumental in origin {(G. De Toma and O. R. White,
private communication, 1997). We have excluded SOLSTICE and
SUSIM data taken prior to November 28, 1991, from the compari-
sons presented in this paper.

Comparison of absolute irradiances between different satellite
instruments can be problematic. Use of the first operational, or
"day 1," data minimizes the effects of postlaunch cealibration
changes, but one must account for possibly less stable initial
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behavior as well as different solar activity conditions between the
dates of interest. If simultaneous measurements are used, the
accuracy of corrections for different instrument histories becomes
important. In Figure 5, we compare the NOAA 11 irradiance
measurements with the average of four other solar spectral UV
measurements (UARS SUSIM, UARS SOLSTICE, ATLAS
SUSIM, and ATLAS SOLSPEC) taken on March 29, 1992, coinci-
dent with the ATLAS 1 shuttie mission. This is ~6 months after the
start of UARS SUSIM and SOLSTICE observations and ~3 years
into the NOAA 11 data record. The behavior of the two UARS
instruments at this time is well documented in the UARS validation
paper by Woods et al. [1996]. A detailed comparison of the
ATLAS 1 SUSIM, SOLSPEC, and SSBUV shuttle-based solar
irradiance measurements is given by Cebula et al. {1996]. We
constructed the average of UARS SUSIM, UARS SOLSTICE,
ATLAS SUSIM, and ATLAS SOLSPEC irradiance data over the
170-400 nm wavelength region for March 29, 1992, as an external
reference spectrum which is independent of the NOAA 11 SBUV/2
data. Figure S shows that NOAA 11 has a spectral bias refative to
the ATLAS 1 average spectrum, ranging from -3% at 220 nm to
+8% at 360 nm. These results are broadly consistent with the
absolute irradiance comparison between the NOAA 11 "day 1"
spectrum and the flight-averaged data from SSBUV 2 in October
1990, shown in Figure 5 of paper 1. Periodic spectral structure with
a length of ~60 nm is also present longward of ~260 nm. As
discussed in paper 1, Fowler [1994] has shown the presence of
similar structure in the ratio of SBUV/2 radiometric calibrations
performed in air and vacuum. The NOAA 11 uncertainty budget
presented in Table 3 of paper 1 shows that the irradiance difference
in Figure 3 is within the NOAA 11 22c¢ absolute uncertainty
between 180 and 350 nm but exceeds that range at wavelengths
greater than 350 nm. Shortward of ~190 nm, the NOAA 11
SBUV/2 sensitivity rapidly decreases with decreasing wavelength,
concurrent with diminishing laboratory irradiance standard inten-
sity. The combination of these effects acts to increase the uncer-
tainty in the NOAA 11 calibration and likely contributes the major-
ity of the irradiance difference shown in that spectral region. The
decreased sensitivity leads to greater uncertainty in NCAA 11 data
shortward of 200 nm, as shown in Table 3 of paper 1. We recom-
mend the use of SSBUV or UARS solar irradiance data if an
absolute accuracy of better than 5% is required.

5. Time Series Comparisons

To facilitate comparisons between NOAA 11 SBUV/2, UARS
SUSIM, and UARS SOLSTICE, the remainder of this paper will
focus on the concurrent measurement period December 1991 to
September 1994. All irradiance time series shown here are nor-
malized to the value for December 1, 1991, for each band and
instrument, and all points exceeding =50 limits are removed. A 5-
day binomial-weighted average was used to smooth spikes in the
time series without excessively dampening true solar variations. As
mentioned in section 3, solar irradiance time series at wavelengths
longward of 300 nm should offer 2 good indication of residual
errors in the instrument characterization due to the lack of signifi-
cant sofar activity. Figure 6 shows that for all three instruments, the
1991-1994 data at 330-340 nm are consistent with long-term solar
change not exceeding 1%. Observed long-term variations are
within the 1% uncertainty predicted for each instrument. This
level of agreement is generally present for most 10-nm bands
fongward of the Fe II absorption feature at 260-263 nm. The
NOAA 11 data are slightly noisier than SUSIM and SOLSTICE,
with occasional spikes up to 1% in the band-averaged time series
caused by single I-nm wavelength bins.



DELAND AND CEBULA: NOAA 11 IRRADIANCE RESULTS AND COMPARISONS

16,259

12T
{1 H
U
giﬁ:— ';
g -
&K = !
&
T o
s - !
5 o0 |
< - !
v 4 i
< - H
= - 3
< r %( i
poRC \ A
= o /
DYRRN ) PR TRy PRpES R P gApu—
g - A Ly
€
g -2 i&(ﬁ?«m M
5§ - \
S
g
S .

T e

.S,
=

o
-

Wavelength [nm]

Figure 5. NOAA 11 SBUV/2 specural irradiance difference relative to the average of UARS SUSIM, UARS
SOLSTICE, ATLAS-1 SUSIM, and ATLAS-1 SOLSPEC for March 29, 1992. Both spectra were smoothed

with a 5 nm average.

For shorter wavelengths, where solar activity becomes signifi-
cant, all three instruments show similar representations of solar
behavior. The time series at 240-250 nm in Figure 7 show 1.0-
1.5% rotational modulation during 1991-1994 and an overali
decline of ~3%. Individual "spikes” for a given instrument {e.g.,
March 1993 for NOAA 11, March 1994 for SUSIM, Sepiember
1993 for SOLSTICE) are easily identified as anomalous data. In
other cases, such as September 1992 for NOAA 11 and August

1994 for SOLSTICE, reduced or absent rotational modulation
becomes apparent only when compared with contemporaneous data
from other instruments. The irradiance data for the 200-208 nm
region shown in Figure 8 aiso look fairly consistent between these
three instruments, with a long-term decrease of approximately —6%
from early 1992 to mid-1994, persistent 27-day rotational modula-
tion of ~2-3%, and an interval of approximate 13-day periodicity in
early 1993,
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time series have been smoothed with a 5-day binomial average.

As a test of the degree to which each instrument is able to
monitor the varying amplitude of solar rotational modulation and
long-term activity changes, we remove ttie modeled solar irradiance
changes from each data set using the NOAA 11 Mg II index and
scale factors prediction described earlier. This method simplifies the
comparison of instrument behavior because it avoids the problem

of determining the origin of a relative drift inherent to the use of
ratios between instruments. The desolarized time series at 240-250
nm in Figure 9 shows that NOAA 11 and SUSIM data are in good
agreement with the predicted solar variations, with differences in
the £0.5% range. The SOLSTICE data vary by £1% during the first
half of 1992 (Figure 9c), which is consistent with the predicted
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Figure & Solar irradiance time series at 200-208 nm: (a) NOAA 11, (b) SUSIM, and (c) SOLSTICE. All
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uncertainty. The long-term change in the desolarized data at 200-
208 nm shown in Figure 10 for each instrument is 1% or less in
October 1994 relative to December 1991. The SUSIM data fluctu-
ate ~2% in late 1993 relative to the other instruments (Figure 10b),
while SOLSTICE data increase by 2% during the first half of 1992
before decreasing over the next few months (Figure 10c). The

fluctuations observed for the UARS instruments do not exceed the
+2c uncertainty derived for the NOAA 11 data in paper 1. All three
data sets in Figure 10 show suggestions of residual short-term
periodic behavior at the 0.5-1.0% level, particularly during the
interval of 13-day periodicity in early 1993. This result, which
suggests that during periods of significant 13-day periodicity the
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solar variations predicted by the NOAA 11 Mg Il index and scaie
factors are not equivalent to the actual irradiance variations, is
discussed further in section 6.

We can also evaluate the long-term behavior and spectral drift
of each instrument for all wavelengths, using desolarized data and
the plotting method of Plate 1. For each instrument, the data in
each 10-nm band are normalized to the average of December 1-10,
1991. As noted in section 3, the impact of the Mg II proxy model
is insignificant at most wavelengths longward of 290 nm (AFcycle
< 0.5%), except for absorption lines such as Fe Il and Ca Il. The
variations from these lines become negligible when 10-nm bands
are used. The NOAA 11 desolarized results are shown in Plate 2.

Virtually all of the data show drifts of =1% or less (light green,
veilow), with slightly larger changes in the 250-260 nm band
(which is due to residual, uncorrected wavelength scale drift) and
some data at A <200 nm. As discussed in paper 1, the NOAA 11
irradiance data at 170-200 nm used a different long-term correction
procedure for throughput change due to the lack of SSBUV irradi-
ance data in this wavelength region, with increased uncertainty at
the shortest wavelengths.

Plate 3 shows the SUSIM data, desolarized and plotted with the
same method used for Plate 2. These data also have differences
from the reference bin generally within the 1% range, increasing
to +2% (light blue) at 170-180 nm and -1.5-2% at 260-270 nm.
Rapid degradation in the SUSIM instrument response during the
first 6 months of operation led to increased uncertainty in the
instrument calibration during this period (L. E. Floyd, private
communication, 1997). The SOLSTICE desolarized data presented
in Plate 4 have drifts of £1% or less at 300-380 nm, but show larger
drifts in other spectral regions. The data in the 260-300 nm region
drift by —2% or more, particularly at 280-300 nm (pink). Positive
drifts are seen at 180-210 nm, reaching 2-3% at 180-190 nm (blue)
before drifting downward later. Rottman and Woods [1994]
showed that the SOLSTICE instrument has experienced 2-3 times
more degradation in its F channel (180-300 nm) than in either the
G (115-180 nm) or N (300-420 nm) channels. The largest drifts in
Plate 4 correspond precisely to the boundaries of the F channel
wavelength region, even when the wavelength band used for
averaging is reduced to AA = 2 nm. These changes appear to
represent remaining uncorrected instrument drift in bands near the
F channel boundaries.

We note that instruments measuring solar irradiance frequently
experience larger drifts during the first year of operation. This
behavior was observed for NOAA 11 (see Figure 11 of paper 1), but
does not appear in Plate 2 because the time period was chosen to be
coincident with the UARS observations.

The determination of the magnitude of long-term solar UV
variation requires the definition of appropriate dates. Although the
data sets used here do not reach solar minimum, they do cover most

of the soler cycle range. Using February 1992 to September 1994

for our date limits and 27-day averaged data to remove the effects
of rotational modulation, we conclude that the solar irradiance in
the 200-208 nm band decreased by ~6-7% during this period.

Based on the results from all three instruments shown here, the
accuracy of this number is approximately =1.0-1.5%, which is a
factor of 2 improvement over previous measurements. It ap-
proaches the 1% long-term accuracy requirement needed to under-
stand the role of solar forcing in middle atmosphere behavior. Our
results are consistent with the results of Lean et al. [1992] derived
from initial SUSIM measurements. Floyd et al. [1998] used
extreme single dates in the UARS SUSIM data record through
January 1996 to give solar irradiance variation estimates of 9-10%
at 190-207 nm and 4-5% at 215-250 nm. They then used the
NOAA 9 Mg Il index of DeLand and Cebula [1998] to estimate a
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solar cycle range of AF ~ 12-14% at 207 nm, which they stated to
be significantly larger than the predictions of Lean et ai. [1992].
However, Lean et al. [1992] and this paper both use a 27-day
smoothed Mg II index for long-term predictions, which lowers the
maximum range by ~3% due to the removal of rotational modula-
tion. We recommend the use of rotationally smoothed time series
values when investigating the atmospheric impact of long-term
solar variations. We note that DeLand and Cebula [1994] showed
the maximum range of the daily NOAA 9 Mg II index during the
rise of cycle 22 to be ~12%, which when combined with the aver-
age scale factor presented earlier, gives a value for AFeycle(207 nm)
consistent with that of Floyd et al. [1998].

6. Time Series Analysis

6.1. Periodograms

Further information about solar spectral irradiance variations
can be obtained through statistical methods such as power spectral
analysis. In this paper, we use the periodogram formulation derived
by Scargle [1982] and modified by Horne and Baliunas {1986] to
analyze the time series data. The periodogram technique is con-
venient for the solar irradiance data sets because it handles data
gaps without filling or interpolation and successfully extracts
periodic signals from noisy data. Examples of periodogram use in
the literature include Baliunas et al. [1985], Lean and Brueckner
[1989], Lear [1990], Cebula and DeLand {1998}, and Deland and
Cebula [1998]. We note that unlike some other power spectral
analysis techniques, the removal of a long-term trend before exam-
ining the time series data for short-term periodicities is not recom-
mended because the resulting power values would then not be
properly normalized [Horre and Baliunas, 1986].

Figure 11 shows the periodogram of the NOAA 11 SBUV/2
200-208 nm irradiance time series for the time interval February
1989 to October 1994, representing the complete NOAA 11 solar
data record, using a set of 150 evenly spaced frequencies which
correspond to periods between 10 and 50 days. The dashed line
indicates a "false alarm probability” (FAP) of 0.1%, defined as the
signal strength at which 2 peak has an 0.1% probability of being
caused by statistical noise [Horne and Baliunas, 1986). Using this
criterion, we see that significant power is present at both 27 days
and 29 days, corresponding to solar rotational modulation. There
is also a small peak at ~13.5 days which is below the FAP =0.1%
level. However, this does not mean that no 13-day periodicity
occurred during 1989-1994, because the periodogram is evaluating
power over the full time interval. Thus a high-frequency (short
period) signal which lasts for a relatively small portion of the entire
data interval may have a comparatively low power. ~Figure 12
presents NOAA 11 SBUV/2, UARS SUSIM, and UARS
SOLSTICE periodograms at 200-208 nm for the dates of common
measurements used for irradiance comparisons, December 1991 to
September 1994. Reducing the periodogram time interval gives less
power for NOAA 11 at 27 days (Figure 12a), because much less of
the strong solar maximum rotational modulation is included. The
peak at 29 days is now much weaker. The periodograms of the
SUSIM and SOLSTICE 200-208 nm irradiance time series for the
overiap period shown in Figures 12b and 12c, respectively, look
very similar to the NOAA 11 periodogram, as expected. The UARS
data seem to show slightly more power than NOAA 11 at 27 days
and less at 29 days. We can evaluate the agreement between
irradiance data and predicted solar variations by applying the
periodogram technique to desolarized time series such as Figures 9
and 10. The periodogram results shown in Figure 13 for 200-208
nm have no peaks exceeding the 99.9% significance level for any
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as discussed in the text.
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periods of 10-30 days: () NOAA 11; (b) SUSIM; and {c} SOLSTICE.

instrument, but prominent features for NOAA 11 at ~14 days and
28 days. Periodograms of NOAA 11 desolarized data ax other
wavelengths show similar features in some cases, with reduced
power levels from the 200-208 nm data. We plan further investiga-
tions into the spectral and temporal characteristics of this result.

6.2. Dynamic Power Spectra

Because the short-term periodicities in solar UV irradiance data
evolve as active regions grow and die, we would like t0 examine
changes in these periodicities with time. For this purpose, we have
adapted the "dynamic power spectra” method utilized by Bouwer
[1992]. We apply the periodogram to successive 256-day windows
of data, stepping the window in increments of 64 days. These
resuits can then be arranged as a function of period and time,
allowing the evolution of specific periodicities to be tracked.
Previous applications of the dynamic power spectra method to
NOAA 11 SBUV/2, SOLSTICE, and SUSIM Mg Il index data are
shown by Cebula and DeLand [1998].

For NOAA 11 200-208 nm irradiance data, the dynamic power
spectrum in Plate 5 shows that the double peak in the periodogram

of Figure 11 is created by 2 transition from 29-day to 26-day
periodicity during 1989-1990, which then migrates to 27-day power
during 1992 and 28-day power during 1993. During the course of
each solar cycle, the average latitude at which active regions emerge
decreases, leading to the possibility of changes in the nominal short-
term period due to differential rotation. Observations-of the He |
10830 A equivalent width for cycle 21 by Harvey [1984] suggest
that the evolution of large activity complexes is a much stronger
effect. This is confirmed by Plate 5, in which the "rotational”
period both increases and decreases during cycle 22. The siow drift
of "preferred” active longitudes over several years could also lead
to a shift in observed period [Foukal, 1990, p. 284]. The dynamic
power spectrum illustrates the limitations of representing solar
rotational variability at a constant period.

Using data which extended through the rise of cycie 22 in 1988,
Pap et al. {1990] found that the 27-day power was consistently
stronger in the declining phase of a solar cycle than in the rising
phase for various solar indices. Plate 5 shows that in the NOAA 11
200-208 nm irradiance data, the strongest rotational modulation
power occurs during the maximum of cycle 22. Maximum relative
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power values are greater than 60 during 1990, compared with
maximum values of 30-40 during the declining phase in late 1992
and 1993. The dynamic power spectrum of the NOAA 11 Mg Il
index gives virtually identical results during the same measurement
period [Cebula and DeLand, 1998]. However, the dynamic power
spectrum of the NOAA 9 Mg II index data, which covers a full solar
cycle, shows considerably more power in the declining phase of
cycle 22 than in the rising phase, in agreement with Pap et al.
[1990]. Continued study of this result will be valuable as solar
activity moves into the increasing phase of cycle 23.

Plate 5 also shows a significant episode of 13-day periodicity
during 1991, which is responsible for the smalil peak at this fre-
quency in Figure 11. No other periods shorter than 26-29 days are
found. Caligari et al. [1995] present 2 model of magnetic flux tube
emergence which shows that the growth of 2 dominant mode with
azimuthal wave number m = 2 leads to surface active regions with
Ad = 180°. Comparison of the 200-208 nm results in Plate 5 with
the dynamic power spectrum of the NOAA 11 discrete Mg Il index
presented by Cebula and DeLand [1998] shows strong similarities,
although there is less power at 13-14 days in the Mg I index. This
result is consistent with the conclusions of Deland and Cebula
[1998] based on analysis of short-term variations in NOAA S
SBUV/2 data, as well as the work of Donnelly and Puga {1990}
with Nimbus 7 SBUV data. The dynamic power spectra of the 200-
208 nm time series from UARS SUSIM and SOLSTICE (not
shown) are very similar in appearance to the NOAA 11 data in Plate
5, particularly in late 1992 where the main rotational period shifts
to 25-26 days and some power appears at 14 days. This reinforces
the visual impression of consistent behavior suggested by the time
series of Figure 8.

6.3. Spectral Periodograms

Previous work by Donnelly [1988] with Nimbus 7 SBUV data
during the maximum and declining phase of cycle 21 (1978-1984)
showed that solar rotational modulation was temporaily coherent
over the 170-290 nm wavelength region during this time. We have
performed 2 similar analysis for the NOAA 11 irradiance data
during cycle 22, using the periodogram technique. Periodograms
were calculated using 10-nm bands over the wavelength range 170-
400 nm (centered at 175 nm, 185 nm, etc.), the UARS overlap
interval (December 1991 to September 1994), and the same fre-
quencies (i.e., periods) as Figure 11. No significant power was
observed at any period outside the rotational modulation interval of
25-30 days. Therefore, for each wavelength band, we have summed
the relative power values for all frequencies corresponding to this
range of periods, then divided the result by 3 to reflect the approxi-
mate width in frequency space of the rotational modulation peak
(see Figure 12). The resuits in Figure 14a show strong rotational
periodicity in the NOAA 11 data, with roughly uniform power
between 175 and 255 nm and diminishing strength out to 285 nm.

Figure 14b presents the same type of plot for the UARS SUSIM
V19 irradiance data. These data show similar spectral characteris-
tics to the NOAA 11 data, with slightly less power between 215 and
275 nm. Brueckner et al. [1996] suggest that irradiance data at
wavelengths longward of ~300 nm can be anticorrelated with
chromospheric activity and show examples of this for selected solar
rotations in SUSIM data at 345-355 nm during late 1991 and early
1992. This idea is consistent with the blocking of heat flow to the
photosphere by sunspots, thus causing a decrease in total solar
irradiance [Foukal, 1990]. The amplitude of the features shown by
Brueckner et al. {1996] appears to be ~0.3% peak-to-peak, which
is comparable to the irradiance changes caused by large sunspot
groups. We find no evidence for any persistent rotational modula-
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tion signal in the SUSIM data longward of 300 nm from the perio-
dogram analysis, in agreement with the NOAA 11 result. In Figure
14c, we see that the spectral periodogram of the SOLSTICE irradi-
ance data is generally similar to the NOAA 11 and SUSIM results.
However, the SOLSTICE results show less power at 215 and 285
nm than at 245 nm, in contrast to the results from NOAA 11 and
SUSIM. We have no explanation for the difference in spectral
structure at this time but hope to pursue this topic further.

§.4. Intermediate Periods

Solar rotational modulation (27-day, 13-day) and solar cycle
(11-year) time scales are the most visible manifestations of solar
UV activity. Other studies in the literature have focused on inter-
mediate-length periods. Chandra [1989] found a 160-day period in
10.7-cm radio flux (F10.7) and Nimbus 7 SBUV 205-nm irradiance
data during 1979-1984 and 2 33-day period in Fip 7. Hoegy and
Wolff [1989] identified 7-month and 5-month periods in solar EUV
activity using Pioneer Venus photoemission current (Ipe) data.
Lean and Brueckner [1989] looked for 100-500 day periods during
solar cycles 19-21 in Fyg 7, sunspot blocking function (Pg), sunspot
number (Ry), and Ca II K plage index (PI), finding a clear signal at
approximately 155 days in all data sets except PI and a weaker
signal at 323 days. Lean [1990] extended the study of 155-day
periods to cycles 12-21 using Ry and sunspot group area. She
found that the strength of this period appeared to follow an 11-year
cycle, with the greatest power during maximum solar activity. Pap
et al. {1990] examined multiple data sets (total irradiance (S), F10.7,
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Figure 14. Spectral periodogram of irradiance data between 170
and 400 nm for December 1991 to September 1994: (2) NOAA 11;
(b) SUSIM; and (c¢) SOLSTICE. The relative power in each panel
represents the average of all periods between 25 and 30 days, as
discussed in the text.
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Ca K plage, SME Ly o, Nimbus 7 Mg 1I) for cycle 21 and longer
where available. Periods of 51 days and 150-157 days were deter-
mined for total irradiance and some sunspot indices, and longer
periods in the 240-330 day range were also claimed. Bouwer [1992,
p. 385] found occasional evidence for both 51-52 day and 154 day
periods in a similar study, but noted that such signatures "...could
be the result of a coincidental occurrence of one or more non-
periodic waveforms...," rather than representing persistent periodic
behavior. Watari [1995] used fractal analysis of data from solar
cycles 20 and 21 to show that solar activity variations were irregular
for timescales between several days and several months. Recently,
Zhou et al. [1997] identified a 60-80 day periodicity in the
SOLSTICE V08 irradiance data (175-210 nm, 200-203 nm, Mg II
index), as well as in the UARS MLS ozone datza between 3 and 10
mbar.

We searched for intermediate solar periodicities in the NOAA
11, SUSIM, and SOLSTICE irradiance data at periods between 50
and 250 days, using 150 frequencies in the periodogram analysis
and the interval December 1991 to September 1994. Figure 15
shows that for the 200-208 nm band, statistically significant power
was found at ~160 days for NOAA 11 but not in the SUSIM V19
or SOLSTICE V09 data. The significance of the NOAA 11 160-
day peak falls below 99.9% for different choices of starting date
between 1989 and 1991. We aiso found no intermediate-term
periodicities at 200-208 nm using SOLSTICE V08 data. This result
is inconsistent with the analysis of Zhou et al. {1997]. However,
Figure 16 shows that periodograms of irradiance time series at 350-
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360 nm produced significant periodicities at ~180 days for NOAA
11, ~210, 160, and 75 days for SUSIM, and 180 and ~95 days for
SOLSTICE. These peaks are somewhat unexpected, since solar
variability is predicted to be very small at wavelengths greater than
300 nm. It is difficult to try to confirm the validity of such periods
using the dynamic power spectrum method because the periods of
interest represent a significant fraction of the overall data set length
(1037 days for the NOAA 11 and UARS overlap period used here).
Increasing the periodogram window size to 384 days to accommo-
date longer test periods still allows only 3-5 cycles of the periods
mentioned here, so that spurious events in the irradiance data can
generate a disproportionately large response. —

The spectral periodogram method provides additional informa-
tion about the intermediate-term periodicities shown in Figures 15
and 16. Results for all wavelength bands and periods are shown for
NOAA 11 data in Figure 17, where the minimum surface level
corresponds to the 99.9% significance level in previous plots. The
NOAA 11 data display significant power at ~180 days for all
wavelength bands longward of 265 nm, maximizing at ~330 nm.
This result likely reflects a residual error of ~0.5% in the NOAA 11
goniometric correction, corresponding to the seasonal cycle of the
spacecraft-centered azimuth angle. Some power is also evident at
170-240 nm with a period of ~160 days, as noted earlier. Resuits
for the SUSIM data in Figure 18 show power at 70-75 and ~110
days for wavelength bands between 330 and 390 nm, with consider-
able power at ~150 days and 200-250 days. Some of this power
may be related to the timing of the SUSIM reference calibrations,
which have generally occurred at intervais of ~200(=20) days
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between March 1992 and January 1996 [Floyd et al., 1996].
Results for the SOLSTICE data in Figure 19 show power at ~115
days between 260-300 nm, and periods of approximately 220-250
days for 170-240 and 300-400 nm. In all cases, the power is
relatively small. For all three instruments, the results are very
sensitive to the choice of data interval, as discussed earlier in
section 6.4. We note that a similar analysis of the SOLSTICE V08
data showed substantial power at ~72 days between 210-290 nm
and 300-350 nm, with very strong peaks at 310-320 and 370-380
nm. UARS reverses orientation approximately every 36 days ("yaw
maneuver”) to keep the proper pointing for the spacecraft solar
panels, so such a period could represent a signature of that effect in
irradiance data. The changes in pointing accuracy caused by each
UARS yaw maneuver have spectrally dependent effects on the
wavelength calibration and field of view sensitivity of SUSIM and
SOLSTICE [Woods et al., 1996]. The lack of physical justification
for persistent solar UV activity periods in the range 50-250 days
makes it difficult to ascribe their presence in periodogram analyses
to true solar variations.

The differences in period length and spectral location for the
periodogram results shown in Figures 17-19 strongly suggest that
true intermediate term periodicities are difficult to identify in solar
spectral irradiance data. Inspection of time series plots such as
Figure 6 indicates that any periodic behavior at long wavelengths
has an amplitude of 0.5% or less, which approaches or exceeds the
accuracy of instrument throughput corrections. No instrument
showed any persistent spectral power for 50-250 day periods at & <
260 nm, where upper photospheric and chromospheric solar activity
should be evident. A separate analysis of the Mg II index time
series from NOAA 9, NOAA 11, SUSIM, and SOLSTICE showed
no significant power in any of these data sets for periods greater
than 27 days. Because it is an irradiance ratio, the Mg II index is
less likely to be impacted by the processing artifacts that can

DELAND AND CEBULA: NOAA 11 IRRADIANCE RESULTS AND COMPARISONS

influence irradiance data. Since no two instruments duplicated 2
significant period and spectral location for intermediate-term
periodicities, we are inclined to atiribute the results shown in
Figures 17-19 to aspects of the long-term instrument characteriza-
tion and/or data analysis for each instrument. In particular, the 60~
80 day period in SOLSTICE V08 irradiance data identified by Zhou
et al. [1997] appears to be an artifact. Although they did filter their
data sets with a 36-day band pass to remove apparent yaw-related
signais in the MLS ozone datz, our results suggest that there may be
other such signatures in these data. These results emphasize the
difficulties associated with searching for subtle irradiance variations
and the value of having multiple independent data sets for the
identification and analysis of periodic behavior, as well as the
evaluation of long-term changes in the solar spectral irradiance.

7. Conclusions

Solar spectral UV irradiance data from the NOAA 11 SBUV/2
instrument are now available for the period December 1988 to
October 1994. Long-term smoothed irradiance changes during this
interval, which includes the maximum and declining phase of solar
cycle 22, are <1% longward of 300 nm, —(3-4)% at 240-250 nm,
and —(6-7)% at 200-208 nm. The NOAA 11 SBUV/2 results are
very consistent with irradiance data from UARS SUSIM and
SOLSTICE throughout their 3-year overlap, with long-term accura-
cies of approximately =1.0-1.5%. Some fluctuations do appear in
the SUSIM and SOLSTICE data during the first year of UARS
operation (December 1991 to July 1992), while the NOAA 11 data
are impacted by orbit drift effects during its last year of solar
measurements (September 1993 to October 1994). All three
instruments show similar short-term periodic behavior correspond-
ing to rotational modulation. Dynamic power spectra of the NOAA
11 data verify the evolutionary nature of solar rotational activity at
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Figure 19. Spectral periodogram of SOLSTICE irradiance data for December 1991 to September 1994,

using long periods (50-250 days).
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different phases of the solar cycle with respect to both strength and
amplitude. Periodogram analysis for longer periods (50-250 days)
shows substantial spectral and temporal differences between all
three data sets. We do not see any conclusive evidence for true
solar activity at any periods in this range within the precision of the
data sets.

The NOAA 11 spectral irradiance data provide an additional 2.5
years of data during the maximum of Cycle 22 to complement the
UARS instruments’ data sets. (The NOAA 11 irradiance data and
supporting documentation are available on-line via anonymous FTP
at ssbuv.gsfc.nasa.gov/pub/solar/sbuv2/noaall or through the
SBUV/2-SSBUV wWwWwW site at
http://ssbuv.gsfc.nasa.gov/solar.html). We plan to develop similar
instrument change corrections for NOAA 9 SBUV/2, s¢ that
spectral irradiance data will be available for all of solar cycle 22.

Three additional SBUV/2 instruments are scheduled for launch
between approximately 1999-2003, which should provide solar UV
data for cycle 23 as well.
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