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Improved solar Lyman o irradiance modeling from 1947
through 1999 based on UARS observations

Thomas N. Woods,! W. Kent Tobiska,? Gary J. Rottman,! and John R. Worden3

Abstract. The sclar Lyman o radiation is the brightest solar vacuum ultraviolet (VUV: A < 200
nm) emission, and this radiation is deposited in Earth's atmosphere above 70 km. The Lyman
irradiance and its variability are therefore important for many studies of the Earth's upper
atmosphere. A long-term data set of the solar Lyman cf irradiance from 1947 through 1999 is
constructed using the measurements from the Atmospheric Explorer E {AE-E), the Solar
Mesospheric Explorer (SME), and the Upper Atmosphere Research Satellite (UARS) along with
predictions from proxy models to fill in data gaps and to extrapolate back to 1947. The UARS
measurement is used as the reference, and the AE-E and SME measurements and the proxy models
are adjusted to agree with the UARS values. The estimated 1-0 uncertainty for this long-term
Lyman o time series is 10%. The average solar rotation (27-day) variability in Lyman o is 9%
from this composite times series, and the solar rotation variability averaged over 2 years at solar
minimum and maximum conditions is 5 and 11%, respectively. The average solar cycle (11-year)
variability is a factor of 1.5 when the data are smoothed over 2 years, and the extreme Lyman o
variability is a factor of 2.1. The Lyman o. irradiances averaged over 2 years during solar
minimum and maximum conditions are 3.7 and 5.6 x 10!! photons st em2, respectively. The
proxy models include three components to better fit the UARS measurements; nonetheless, there
remain differences between the proxy models and the observed Lyman o irradiance, which are
related to the source of the Lyman o radiation being different than that for the proxies. The
available proxies are primarily chromospheric and coronal emissions, whereas the Lyman o
variability is manifested more in the transition region. It is shown that emissions throughout the
chromosphere, transition region, and corona vary differently mainly because their contrasts for
active network and plage components are different. A transition region proxy is needed to
improve the empirical proxy models of solar irradiance, and this composite Lyman o. time series

could serve as a proxy for other transition region emissions.

1. Introduction

The bright solar Lyman o radiation of the hydrogen
emission at 121.6 nm is an important ultraviolet (UV) source
of energy throughout the solar system. For the Earth the solar
Lyman o photons penetrate into the mesosphere and deposit
their energy mainly by molecular oxygen dissociation in the
70-100 km region. In addition, the solar Lyman o radiation
dissociates water in the mesosphere and ionizes nitric oxide
to form the ionospheric D layer between 80 and 110 km.
Because the solar Lyman ¢ radiation is the dominant
component in the. solar spectrum to drive atmospheric
changes in the 70-110 km region, it plays an important role in
the chemistry of the minor species such as water vapor, ozone,
and nitric oxide ([Frederick, 1977; Brasseur and Simon,
1981]. Therefere accurate measurements of the solar Lyman ¢
irradiance are important for studies of the ionosphere and
mesospheric chemistry,
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The determination of the hydrogen density in the
heliosphere, comets, and planetary atmospheres is largely
based on measuring the brightness at Lyman o caused by the
resonant scattering of the solar Lyman o emission. In
particular, the column density of hydrogen is derived by
dividing the measured brightness of the H I Lyman o
emission by the g factor, or fluorescence efficiency, and the g
factor is based on well-known atomic parameters, such as the
emission’s oscillator strength, and the solar irradiance [Meier,
1995]. Consequently, the accuracy of the hydrogen
abundance is directly dependent on the accuracy of the Lyman
o brightness measurement and on the dccuracy of the solar
Lyman « irradiance, both intensity and line profile. Often
there are not correlative measurements of the solar Lyman o
irradiance, so estimates or measurements at different times are
instead used to analyze the hydrogen abundance in these solar
system stndies. The long-term, continuous time series of
Lyman o irradiance presented here will address this issue by
providing accurate sclar Lyman « irradiances since 1947, at
about the time when space-based measurements of the H I
Lyman o emissions within the solar system began.

In order to make a long-term time series of the solar Lyman
o irradiance, models of the Lyman o irradiance are needed for
time periods when measurements are not available.
Understanding the sources of the Lyman « radiation is
important for developing accurate models of the Lyman o
irradiance. The Lyman o irradiance has both chromospheric
and transition region sources [Vernazza et ol., 1981], and the
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radiative process of this emission complicates the emergence
of the Lyman « radiation. The main component of Lyman o
irradiance is the central 0.1 nm line core, which is formed at a
temperature of ~40,000 K in the transition region [Fontenla et
al.,, 1991]. The Lyman o line width of 0.1 nm is due to
radiative damping, the Stark effect (electric field broadening),
and resonance broadening [Roussel-Dupré, 1983; Vernazza et
al., 1981). The transition region Lyman o core emission,
besides contributing to the irradiance output, radiates down
into the chromosphere where coherent scattering leads to
partial redistribution of the Lyman o radiation into broad
wings [Roussel-Dupré, 1983; Vernazza et al., 1981). The
source of the Lyman o wing goes deeper into the
chromosphere as.one observes farther from the line center.
The source function for the Lyman o emission as calculated
by Fontenia et al.’s [1991] model is presented by Woods et
al. [1995]. The source function for the quiet Sun model
(model C-average cell interior) has the peak Lyman o
emission near 40,000 K in the lower transition region. For the
plage model (model P), the Lyman o source function has its
peak higher in the transition region at a temperature of
~70,000 K and accompanied by an increase in the radiance by
a factor of ~6. This shift of the source function to higher in
the transition region for plages is probably the main teason
why the Lyman o irradiance varies more like a transition
region emission than like a chromospheric emission.

Recent progress to consolidate the past solar Lyman o
irradiance measurements into a long-term composite time
series includes the effort of Woods and Rottman [1997] and
Tobiska et al. [1997]. These previous results only included
UARS Solar Stellar Irradiance Comparison Experiment
(SOLSTICE) data through 1994, which is almost 2 years before
the recent solar minimum. The new results presented here
include both solar cycle minimum and maximum
measurements by the UARS SOLSTICE, significant
improvements to the UARS SOLSTICE data processing, and a
composite time series of Lyman o irradiance that fills the
measurement gaps and extends the time series back almost 30
years further than the previous estimates. The improvements
to the UARS SOLSTICE Lyman o irradiances are presented
first, followed by the proxy models of the Lyman « irradiance
that are calibrated to the UARS solar data. Then the composite
of the revised measurements and proxy model predictions is
presented as a single, consistent time series of the Lyman o
irradiance from 1947 through 1999 with no data gaps.
Finally, the sources of the Lyman o emission and of the
proxies are examined in order to interpret the differences seen
between the Lyman o and proxies variability.

2. Lyman oo Measurements

Because of the atmbspheric absorption, the solar Lyman o
radiation must be measured from space. Several satellites
have measured the solar Lyman o irradiance: Solrad 8 (1966),
Orbiting Solar Observatory 3 (0SO 3: 1967), OSO 4 (1967-
1968), OS0 5 (1969-1975), OSO 6 (1969-1970), Nimbus 3 and
4 (1969-1973), Atmospheric Explorer E (AE-E: 1977-1980),
Solar Mesospheric Explorer (SME: 1981-1989), San Marco
(1988), and Upper Atmosphere Research Satellite (UARS:
1991-2000). There have also been over 60 sounding rocket
measurements of solar Lyman o since 1949; many of these
rocket experiments were from the Air Force Geophysical
Laboratory (now Phitlips Laboratory), the Naval Research
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Laboratory, and the University of Colorado to provide an
underflight calibration for the satellite measurements.
Despite the underflight calibration effort, the satellite
measurements of the solar Lyman o irradiance do have
significant differences. These differences are partly due to
using different photometric standards and to having limited
on-board calibration for the pre-UARS solar instruments.
Resolving these differences is important in order to combine
the different data sets into a single reference and thereby to
estimate long-term solar variability.

The satellite measurements used here are from the AE-E,
SME, and UARS. The uncertainties for the SME Lyman o
irradiances are ~40% [Rottman, 1981, Mount and Rottman,
1983], and the uncertainties for the AE-E Lyman o irradiances
are ~30% [Hinteregger et al,, 1981]. Whereas, the uncertainty
for the UARS Lyman o irradiance is 5% (Woods et al., 1996].
The SME and AE-E measurements could therefore be adjusted
within their respective uncertainty levels to agree with the
UARS values. These uncertainties and others used elsewhere
in this report are 1-c values.

Because these three satellite missions do not overlap in
time, the adjustments for the AE-E and SME data must be
determined using proxy models of the Lyman o irradiance
that are scaled to the UARS solar measurements. Woods and
Rottman [1997] used proxy models involving the Penticton
(Ottawa) 10.7-cm radio flux (F10.7) [Tapping, 19871, the
National Oceanic and Atmospheric Administration (NOAA)
Mg 1I core-to-wing ratio (Mg C/W) [Heath and Schiesinger,
1986; Donnelly et al., 1994], the National Solar Observatory
(NSO) He 1083-nm equivalent width (He EW) [Harvey and
Livingston, 1992], and the Pioneer Venus (PV) Langmuir
probe solar measurements (Ipe) [Hoegy et al., 1993). Tobiska
et al. [1997] used a proxy model derived from the Lyman o
sky background measurements made over two solar cycles by
the PV Orbiter Ultraviolet Spectrometer (PVYOUVS). The AE-E
and SME adjustments from Woods and Rottman [1997] and
from Tobiska et al. [1997] are very similar. Their differences
arise primarily in the data chosen as the UARS Lyman o
irradiance reference value.” Tobiska et al. [1997] chose to use
the measurements solely from the UARS SOLSTICE [Rottman
et al.,, 1993]. Woods and Rotiman [1997] also used the
SOLSTICE Lyman ¢t values but modified by a factor of 0.95 to
represent an average of the measurements from the two UARS
instruments, SOLSTICE and Solar Ultraviolet Spectral
Irradiance Monitor (SUSIM) [Brueckner et al., 1993). The 10%
difference between the UARS SOLSTICE and UARS SUSIM
Lyman ¢ irradiances is within their 2-0 absolute uncertainty
of 10% [Woods et al., 1996]. '

The previous studies by Woods and Rottman [1997] and
Tobiska et al. [1997] considered data only during the
declining phase of solar cycle 22. This new analysis extends
from solar cycle 22 maximum through solar minimum and
into the rising phase of solar cycle 23. Consequently, the
longer time period, coupled with improvements to the UARS
SOLSTICE data processing algorithms and calibration
parameters, prescribes different scaling factors for the AE-E
and SME Lyman o irradiances.

For the long-term composite Lyman o time series presented
here, the UARS SOLSTICE version 13 Lyman ¢ irradiances are
chosen as the reference. The differences between the UARS
SUSIM (version 19) and SOLSTICE Lyman o irradiances are
now only a few percent as shown in Figure 1. Prior to 1993
the SOLSTICE values are, on average, 2% lower than the
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Figure 1. Solar Ultraviolet Spectral Irradiance Monitor (SUSIM) — SOLar STellar Irradiance Comparison
Experiment (SOLSTICE) Lyman o. comparison. The average ratio changes from 0.98 to 1.04 during 1993.

SUSIM values. After 1993 the SOLSTICE values are, on
average, 4% higher than the SUSIM values. These differences
are instrument and calibration artifacts. We considered using
the average of SUSIM and SOLSTICE data as the reference but
decided that the reference time series would be more
consistent using data from a single instrument. As compared
to a factor of 2 for solar cycle variability, the differences of a
few percent between SOLSTICE and SUSIM would not
significantly alter the results presented here.

An important difference between this new composite
Lyman o time series and Woods and Rottman’s [1997] and
Tobiska et al.’s [1997] time series is that the SOLSTICE
version 13 data products are now used. The two previous

results used the SOLSTICE version 9 data products. The
SOLSTICE version 13 data processing software has several
algorithm enhancements. The four algorithm changes that
affect the Lyman o irradiance the most are (1) a new, time-
dependent, wavelength-scale correction, (2} a new, time-
dependent, field of view (FOV) correction, (3) an improved,
overflow counter correction, and (4) an improved algorithm to
calculate the line integral. The ratio of the SOLSTICE Lyman
o version 9 to version 13 is shown in Figure 2. The primary
difference is from the new wavelength-scale correction. The
second most important improvement is from the new FOV
correction. The improved overflow counter correction reduces
day-to-day noise but does not contribute to the long-term
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Figure 2. Comparison of SOLSTICE Lyman o version 9 to version 13. The dashed line is the new field of
view correction. The remaining difference is primary from the new wavelength-scale correction.
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trend. The new line integral algorithm improves the accuracy
of deriving the irradiance into 1-nm intervals, but it does not
contribute to the long-term trend.

The new wavelength-scale correction is needed to account
for a slow drift of the SOLSTICE grating drive encoder
electronics. This encoder degradation was first discovered
from examination of changes in solar line widths; some were
slowly growing wider, and some were slowly growing
narrower. Through the comparisons of daily spectra to a
reference solar spectrum early in the UARS mission, the
grating drive encoder signal was found to be slowly drifting,
and a simple correction for the encoder degradation is now
applied. The new wavelength-scale correction algorithm has
yielded line widths that remain constant over the mission.
This wavelength-scale correction is the most significant
improvement over the previous work as it affected the long-
term trend by several percent.

The FOV correction is a new calibration for the “hole” seen
in the SOLSTICE G channel (119-180 nm) FOV maps [Woods
et al, 1999]. This FOV correction is largest for the longer
wavelengths of the G channel, nevertheless, this correction is
also important for the SOLSTICE Lyman o time series, The
FOV correction for Lyman « is about a 1-2% correction and is
shown in Figure 2 as the dashed line.

The improvements in the overflow counter correction
algorithm, which is used when detector counts exceed the 16-
bit hardware counter, has yielded lower day-to-day noise in
the SOLSTICE Lyman o time series.

The fourth algorithm improvement is the change from a
numerical integration to an analytical integration using basis
spline functions fitted to the data {Lawson and Hanson,
1974, de Boor, 1978]. The basis spline integrations are done
for both the line integrations, such as for the Lyman
o emission, and the 1-nm intervals used in the UARS Level
3BS data products.. The use of analytical integrations has
tmproved the accuracy of creating l-nm intervals for the
SOLSTICE Level 3BS data product. With the old numerical
integration algorithm, there were differences of a few percent
between the Lyman « irradiance represented by the 121-122
nm interval irradiance and the irradiance from a Gaussian fit to
the Lyman o line. Now the Lyman « irradiances extracted the
two different ways are in agreement using the new analytical
integration algorithm.

3. Lyman o Proxy Models

Models of solar irradiance are used primarily for
atmospheric studies for time periods when measurements are
“not available. A commonly used solar irradiance model for
upper atmospheric studies is' Hinteregger et al’s [1981]
proxy model. This model and other proxy models employ
empirically derived relationships of solar irradiance at one
wavelength relative to an index of solar variability that is
available on an almost daily basis - over many years.
" Improvements in modeling the solar Lyman o irradiance
variability can be obtained by specifying the irradiance as a
function of the distribution of quiet and magnetic solar
surface features, such as was done by Lean and Skumanich
[1983] and Worden [1996). Both of their models parameterize
the solar irradiance as three components: quiet Sun, active
network, and plage areas whereby the areas of each component
are derived from Ca I K solar images. A more detailed
description of these three components and the relationship of
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these components to the empirical proxy models is given in
section 6. A more physical model of the Lyman ¢ irradiance is
the radiative transfer calculations using semiempirical models
of the solar atmospheric structure (density and temperature),
such as those by Vernazza et al. [1981] and Fontenla et al.
{1999). In Fontenla et al.’s [1999] model, solar images are
used to identify seven components of the solar atmosphere
(e.g., cell interior, network, and plage), and then an emission’s
source function is calculated using seven static models of the
solar atmosphere. However, the image analyses have only
been done over a limited time period and thus are difficult to
extend back to the time of the AE-E mission and before.
Therefore the simpler proxy model approach is applied here
but with some improvements over previous proxy models.

The validity of a proxy model is strongly dependent on the
validity of the proxy over its entire time range and on the
physical processes connecting the proxy emission and the
Lyman o emission within the solar atmosphere. The Lyman o
radiation is formed in the chromosphere and transition region
of the solar atmosphere, so the most appropriate selar proxies
should likewise have a dominant contribution from these
regions. In addition, the time series of the proxies need to be
long enough to overlap AE-E, SME, and UARS. The three
indices used here for Lyman o proxy modeling are the F10.7,
Mg C/W, and He EW. The solar F10.7 measurement has the
longest duration dating back to 1947. The two primary
sources in the solar atmosphere for the 10.7-cm radio flux are
the free-free electron emission (bremsstrahlung) throughout
the chromosphere, transition region, and lower corona and
gyroresonant absorption in strong magnetic fields in the
transition region and corona [Tapping, 1987). While the
daily F10.7 is better correlated with coronal emissions than
with the Lyman o emission, both the 81-day average F10.7
and the square root of F10.7 have a good correlation with the
Lyman o emission, better than 0.95. Because the correlation
with the square root of F10.7 is better than the correlation
with F10.7, the square root of F10.7 is used here solely as an
empirical improvement. The He EW measurement is
tepresentative of the chromosphere and transition region but
is also sensitive fto coronal holes. The Mg C/W is
representative of the chromosphere.

The empirical fits of the UARS Lyman o irradiance
measurements to the three solar indices yield the following
models for the solar Lyman o irradiance:

E=A+C R +Cs (P-R), (la)
Eypp=1.1764+ 0.05668 ey +0.04032 (#e~Heay ), (1b)
£ 17, =-31.68+ 1337 Mgy, +79.52 (Mg~ Mgy}, (lc)

Eymo = 0.5839+0.3554 /710g, +o,1730(v%—1/ﬂogl]. (1d)

The proxy variables P are labeled He for the NSO He-1083 nm
EW, Mg for the NOAA Mg II core-to-wing ratio, and +/F10 for
the square root of 10.7. The irradiance E is given in units of
10! photons 57! em?. The variables, or indices, with the "81"
subscript are the daily proxy values smoothed over a period
of 81 days. Data gaps in the proxies, which pose a problem for
the 81-day smoothing function, are filled by interpolation if
the gap is smaller than 6 days or by fast Fourier transform
analysis if the gap is larger [Worden, 1996]. These proxy
models are derived empirically using the common method of
multiple linear regression. The SOLSTICE Mg II core-to-wing
ratio is also used for analysis later, and the SOLSTICE Mg
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proxy is related to the NOAA Mg proxy as Mgnoaa = 0.1914 +
0.3787 Mgsorstice- The three terms in (1) represent a constant
term (conceptually, the quiet Sun), long-term variation, and
short-term variation. The third coefficient, Cg, is the
sensitivity to the short-term variation, predominantly from
27-day solar rotation. Likewise, the second coefficient, C;, is
the sensitivity to the long-term variation. Lean and
Skumanich [1983] and Worden [1996] have shown for
chromospheric emissions that the short-term variation is due
mostly to plage modulated by solar rotation and that the
long-term variation is due mostly to variations in both plages
and active network. These simple three-component proxy
models were motivated by the more physical three-component
models of irradiance variability by Lean and Skumanich
[1983] and Worden [1996]) in which they used Ca II K images
to derive plage and active network areas as the main variables
in their models. The quiet Sun (solar minimum) irradiance
from (1) is 3.55 x 10!! phoions s! cm? using the 81-day-
smoothed sclar minimum values for the proxies: He=Heq =42,
Mg=Mgg,=0.26, and F[0=F10g,=70.

These proxy model coefficients are similar to, but
consistently different from, the equivalent model coefficients
given by Woods and Rottman [1997). Because the new
SOLSTICE version 13 Lyman o irradiance has a higher sotar
minimum value than that extrapolated using SOLSTICE
version 9 data, the constant coefficients are higher than those
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given by Woods and Rottman [1997], and the long-term
variation coefficients are lower than Woods and Rottman’s
[1997] results. As expected, the 27-day variation coefficients
are more consistent with previous results as they are not
sensitive to the long-term trend.

As a validation check for these models, we also derive the
model parameters for the SOLSTICE Lyman o irradiance over
shorter time periods. If the model parameters are consistent
by using different SOLSTICE data periods, then one could
conclude that the SOLSTICE data set is consistent throughout
its mission and that the proxy model is a reasonable
representation at different stages of solar variability. The
lifetime of a plage decaying into active network is one to three
solar rotations [Foukal, 1998], and the lifetime of active
network diffusing into the quiet network is possibly several
solar rotations. So a period of nine solar rotations, 243 days,
is chosen for this validation analysis. The three parameters, 4,
C;, and Cg, are shown in Figure 3, using the Mg proxy model
over a 243-day period every 27 days. These 243-day fitting
results indicate that the short-term parameter, Cg varies 17%
over the SOLSTICE mission; however, the constant
coefficient, 4, and the long-term parameter, Cy, vary 75 and
50%, respectively. Barth et al. [1990] found similar variation
of the coefficients for a two-component Lyman o model in
that the coefficients changed by a factor of 1.6 during
different phases of the solar cycle. These 243-day 4 and Cj
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Figure 3. Proxy model parameters for 243-day periods. The parameters for the Mg proxy model are fitted for
a 243-day period every 27 days. The times when 4 and C; change the most are the times when there is little
solar activity or when the solar activity level changed rapidly. The dotted lines are the values for the model
parameters using the entire SOLSTICE mission. These values are not the same as equation (1) values because
the SOLSTICE Mg core-to-wing ratio (Mg C/W index) is used here instead of the NOAA Mg C/W index.
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Figure 4. Proxy model comparison for UARS SOLSTICE Lyman . (a) Model comparisons with no shifts
between the proxies and Lyman o. There is a downward trend after solar minimum (1996) for this
comparison. (b) Model shows model comparisons with SOLSTICE Lyman « shifted backward (earlier) by 54

days (two solar rotations).

The downward trend is reduced with this 54 day shift, and this change is

discussed in section 6.5. The standard deviation (o) of the fit is shown in parentheses.

parameters are consistent with the values derived using the
entire SOLSTICE data set (dotted lines in Figure 3). Note that
these values are not the same as equation (1) values, because
the SOLSTICE Mg C/W index is used here instead of the
NOAA Mg C/W index. The times of little solar variability as
in 1996 and the times of rapid changes as in 1993 are when
the 243-day A and C; parameters deviate the most from the
mean value. The He proxy model shows very similar results
when it is analyzed in the same way, but the F10.7 proxy
model shows a factor of 2 larger spread of the parameters in
doing the 243-day fitting. Because the 243-day parameters do
not show any long-term trend, there does not appear to be any

significant instrument artifacts remaining in the SOLSTICE
data set. We also conclude that the Mg and He proxies seem
the more appropriate proxies to represent the solar Lyman o
variability.

The major limitations for the proxy models are the
uncertainties in the proxies themselves, the uncertainties in
the solar irradiance data used to derive empirically the model
coefficients, and intrinsic differences between the physical
regions and mechanisms that emit the radiation for the proxy
and at Lyman o. The uncertainties in the proxies are estimated
from the day-to-day noise in the proxy and the difference in
solar minimum values, assuming that all solar minimum
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values shouid be the same. The day-to-day noise is
calculated as the standard deviation of the difference between
the proxy and a 3-day-smoothed proxy. This calculation may
also include true solar variability, but the value is small
anyway. The day-to-day noise is 1.3, 0.3, and 0.9% for He, Mg,
and +/F10, respectively. The difference between the solar
minimum values averaged over a year is 6.3, 0.1, and 2.9% for
He, Mg, and /F10, respectively. The larger difference for the
He proxy may be related to the change of the He EW
insttument in 1993.  Therefore we estimate the proxy
uncertainties to be 6, 0.3, and 3% for He, Mg, and ~/F10,
respectively. From validation with UARS SUSIM and analysis
of the SOLSTICE irradiance algorithms, the uncertainty for the
UARS Lyman o irradiance is 5% [Woods et al,, 1996). An
estimate for the intrinsic difference between the source region
of the index and the source region of Lyman o is the standard
deviation (1-o) of the difference between the model prediction
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and the UARS measurements, being 2.7, 2.3, and 3.0% for the
He, Mg, and F10 models, respectively (see Figure 4a). This
uncertainty should be considered a lower limit rather than the
best approximation for the intrinsic difference between the
index and Lyman o source regions. Combining these
uncertainties, the expected uncertainty for the proxy model
predictions is 8, 6, and 7% for the He, Mg, and F10 models,
respectively. A validation check on the total uncertainty of
the proxy model predictions is the temporal difference, not
including the systematic offset, of the model predictions to
the SME measurements, being 2.8, 3.2, and 4.0% for the He,
Mg, and F10 models, respectively (see Figure 5a). Hence an
uncertainty of 10% appears rcasonable to adopt for the proxy
model predictions. While additional analysis or different
algorithms might provide a proxy model with an uncertainty
better than 10%, the uncertainty of the UARS irradiances will
remain the limiting factor for the proxy model uncertainty.
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Figure 5. Proxy model comparison for Solar Mesospheric Explorer (SME) Lyman o. (a) Model shows model
comparisons with no shifts between the proxies and Lyman o. There is a downward trend after solar

minimum (1986) for this comparison.

(b) Model shows model comparison with the SME data shifted

backward (earlier) by 54 days (two solar rotations). The downward trend is reduced with this 54-day shift,
and this change is discussed in section 6.5. The standard deviation (o) of the fit is shown in parentheses.
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Figure 6. Proxy model comparison for AE-E Lyman o. The correction for the AE-E Lyman o is a time-

dependent function shown as the thick line.

Considering that the solar cycle Lyman o variability is about
a factor of 2, the proxy meodel uncertainty of 10% is quite
adequate for modeling the long-term solar variability.

4. Composite Lyman o Time Series

A composite Lyman o time series is formed using the
UARS SOLSTICE Lyman o« measurements, adjusted
measurements from AE-E and SME, and proxy model
predictions to fill the data gaps and to extend the time series
back to 1947. We use the UARS Lyman o data as our
fundamental reference both for the absolute registration of
this time series in order to establish adjustments for the AE-E
and SME data and for the development of the proxy models of
the solar Lyman o irradiance.

The scaling factors for the SME and AE-E Lyman o
irradiance are derived assuming that the UARS SOLSTICE
proxy models are valid and can be extrapolated to times prior
to the UARS mission. The average ratios of the SME data to
the proxy models shown in Figure 5a are 0.69, 0.68, and 0.70
for the Mg, He, and F10.7 models, respectively. The standard
deviation for these ratios is only 3%, mainly because the
ratios do not have a strong variation with time. Because the
degradation of the SME solar instrument is a small correction
at Lyman ¢, this result implies that the SME solar instrument
was relatively stable during its mission. A scaling factor of
0.69 that is independent of time is adopted for scaling the
SME Lyman o irradiances. This value is the average of the
proxy model ratios presented in Figure 52. The SME Lyman o
irradiances, divided by this scaling factor, are increased and
become consistent with the SOLSTICE Lyman o irradiance
values.

On the other hand, the comparison of the AE-E Lyman o
irradiances to the proxy models shows significant variations
from the mean difference. Fukui [1990] argues that the 1979
anomaly in the AE-E Lyman o irradiances is a real solar effect
because two AE-E channels recorded the same vartation in the
Lyman o irradiances and a similar, but smaller, variation was
observed in the AE-E Lyman 8 emission.
and conclusions should not lightly be dismissed, ground-

While their study .

based solar measurements do not suggest an obvious solar
mechanism that could explain the 45% anomaly of the AE-E
irradiances. From our experience with photomultiplier tube
(PMT) detectors, we have seen changes in PMT gain that can
both go up or go down as the high-voltage power supply
(HVPS) degrades, as the temperature of the HVPS changes, or
as the 28-V input supply (battery-solar cells) changes levels.
Fukui [1990] does not consider these possible effects;
nonetheless, these effects would probably have affected other
AE-E channels in a similar manner. Another possibility is that
the contamination levels changed. Fukui [1990] indicates
that the AE-E detectors are most sensitive to contamination at
Lyman o and longer wavelengths, because the response at
Lyman o dropped by a factor of 5 during the first several
months of the AE-E mission while the response at shorter
wavelengths changed by less than 30%. Fukui [1990]
speculates that this decrease in Lyman o responsivity is due
to outgassing of the photocathode impurities from the
detector. Impurities tend to migrate to the colder components,
o0 it 18 conceivable that some of the impurities could return to
the detectors if the detectors were colder during the anomaly
period. These ideas are only speculations on how the AE-E
instrument might have degraded during the anomaly period.
In order for the AE-E Lyman ¢ measurements to be consistent
with the proxy models, the AE-E instrument responsivity is
assumed, without proof, to change during the anomaly period.
Consequently, a time-dependent scaling factor for the AE-E
Lyman ¢ irradiances is adopted as shown in Figure 6. These
scaling factors, f, for the AE-E Lyman o irradiances include
constant offsets plus quadratic fits with time, ¢, in fractional
years, as listed in (2).

1977.5-1978.5 f=1.0 (2a)

1978.5-1979.145 f=2365.15 (2b)
- 60.615 1+ 0.38852 2

1979.145-1980.085 f=143 (2¢)

1980.085-1981 f=13153.56 2d)

- 77.978 t + 0.48222 ¢2
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Figure 7. Composite solar Lyman o time series. The top panel shows the source for the Lyman o irradiance
shown in the bottom panel. The sources are (1) UARS SOLSTICE, (2) SME, (3) AE-E, (4) Mg proxy model, and

(5) F10.7 proxy model.

These scaling factors for SME and AE-E are higher than the
scaling factors given by Woods and Rottman [1997] and
Tobiska et al. {1997], because the UARS SOLSTICE version 13
Lyman ¢ irradiances have a higher solar minimum value than
the extrapolated value from the SOLSTICE version 9 data.
Because the UARS mission has now observed both solar
maximum and minimum conditions, these scaling factors are
not expected to change significantly as the UARS mission
extends its solar observations into the next solar cycle.

The composite Lyman o time series is shown in Figure 7
along with an indicator of the source of the values in the time
series: (1) UARS SOLSTICE Lyman o measurements, (2) scaled
SME Lyman o measurements, (3) scaled AE-E Lyman o
measurements, (4) Mg II C/W model predictions used between
SME and UARS observations and for filling SOLSTICE data
gaps, and (5) F10.7 model predictions used prior to SME
observations. The Mg II C/W proxy is considered the more
appropriate proxy for chromospheric emissions, but the F10.7
proxy is utilized in order to extend the composite time series
back to 1947. For data gaps of less than 5 days the
measurements are linearly interpolated to fill the data gaps.
For longer data gaps the proxy models are used to fill the data
gaps. The composite time series is then smoothed by 3 days
to help reduce day-to-day noise and to make transitions
smooth from one data source to another.

The many rocket measurements of the solar Lyman «
irradiance from 1949 to 1998 serve as a validation for the
composite Lyman o time series. The comparison of 59 rocket
measurements [Vidal-Madjar, 1977; Mount and Rottman,
1083, 1985; Rotiman, 1981; Van Hoosier et al., 1988; Woods
and Rottman, 1990] to the composite time series is shown in
Figure 8. The 42 Lyman o measurements from Vidal-Madjar’s
[1977] review of the solar Lyman o irradiance are indicated by
the asterisks. Vidal-Madjar {1977] had concluded that the
Lyman o irradiance ranged from 2 to 4 x 10!! photons s*! em2
with an uncertainty of 30%. These earlier rocket
measurements, except for one measurement in 1955, do not
confirm our composite Lyman o time series. These values are

a factor of ~1.7 smaller than our composite Lyman ¢ time
series. Vidal-Madjar [1977] noted that some atmospheric and
cometary studies suggest an increase of the solar extreme
ultraviolet (EUV) and Lyman o irradiances by a factor of 2.
While our composite Lyman o time series support this factor
of 2 increase of Vidal-Madjar’s [1977] values, it is difficult to
resolve this factor of 2 when both the uncertainty of these
solar Lyman ¢ irtadiance measurements and the uncertainty of
the atﬁaospheric model predictions were estimated at 30% or
larger [Vidal-Madjar, 1977]).  However, there are some
concerns about the use of tungsten photodiodes for the
calibration of the earlier solar instruments (W. Neupert,
private communication, 1993) because Canfield et al. [1973]
found that the photoelectric yield of tungsten could change
by as much as a factor of 2 above 100 nm based on its surface
cleanltiness and that these older photodiodes could have a
variation in sensitivity across the photodiode by as much as
50%. It seems possible that these original calibration
tungsten photodiodes were easily contaminated because only
oil-based pumps were used in those times. If so, then these
earlier solar measurements are expected to have low values.
For these older measurements we assume an uncertainty of
80%, being the combination of the typical 30% measurement
uncertainty [Vidal-Madjar, 1977] and a 50% uncertainty for
the possible systematic error of the tungsten photodiode
calibrations.

The more recent rocket measurements from 1976 to 1998
provide a better confirmation of our composite Lyman o
irradiances. There are eight measurements that agree with our
composite Lyman o irradiances, and the other six
measurements are more consistent with the lower values
reported by Vidal-Madjar [1977]. The SME Lyman o
irradiance was calibrated to the 1982 rocket measurement,
shown as the large diamond in Figure 8; therefore the SME
Lyman o values are expected to be lower than the composite
time series. The uncertainties of the rocket Lyman «
irradiance measurements are estimated to be ~30-40% -
[Rottman, 1981; Woods and Rottman, 1990]. There are several
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Figure 8. Comparison of rocket Lyman o measurements to smoothed composite time series. The
measurements with the asterisks are from the Lyman o review by Vidal-Madjar [1977]. These measurements
have an uncertainty of ~80%. The measurements with the diamond symbols are from Roftman [1981] and
Mount and Rottman [1983, 1985]. The large diamonds in 1982 highlights the rocket measurement used for
calibrating the SME Lyman o measurement. The measurement with the triangle is from Van Hoosier et al.
[1988]. The other measurements with the squares are results from recent rocket flights by T. Woods and G.
Rottmarn. -These measurements since 1975 have an uncertainty of ~40%.

difficulties that we have experienced in calibrating Lyman o
instruments that contribute to this fairly large uncertainty.
For photon-counting detectors which are often used with
spectrometers, there is a large nonlinearity correction for the
solar Lyman o data, up to 25% [Rottman, 1981]. There is also

inconsistency in corrections for scattered light which could
affect the results by 10%. The University of Colorado rocket
measurements and the SME measurements did not have
corrections for scattered light, whereas the UARS SOLSTICE
measurements have corrections for scattered light which
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Figure 9.

Solar rotation (27-day) variability time serics.

The ratio of the irradiance maximum to the

minimum within a 27-day window is plotted as the 27-day variability. The Lyman o values are taken from
the composite time series, and the source of the data is shown in the plot. The F10.7 model is also used
between the AE-E and SME data sets but is not labeled in the plot. The 27-day variability for the
observations is about twice the amount as that for the F10.7 model. The 27-day variability for the Mg model
is similar to the observation results.
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increase the solar Lyman o irradiance. The most recent rocket
measurements since 1988 have wused nitric oxide (NO)
ionization chambers and Si photodiodes with Acton Lyman ¢
filters. The main difficulties with these photometer
instruments are that the calibration precision is poor owing to
the very low calibration signals, that secondary radiometric
standards are used which have higher uncertainties, and that
the sensitivity varies by 40% over the detector area for the NO
ionization chamber. Considering these many different
calibration issues, it is feasible that the rocket Lyman o
irradiances have a spread of 60%. It is, however, odd that most
measurements seem to fall into either the low group (Vidal-
Madjar [1977] levels) or the high group (UARS SOLSTICE
levels).

5. Lyman o Variability

The ratio of the solar maximum values averaged over 2
years to the solar minimum average is 1.5 + 0.1, and this ratio
represents the typical variation over five solar cycles from
this composite time series. The Lyman o irradiances averaged
over 2 years during solar minimum and maximum conditions
are 3.7 and 5.6 x 10!l photons s™' ecm2, respectively. The
standard deviations for these values during different solar
cyeles are 0.05 and 0.39 x 10'! photons s™' em? for solar
minimum and maximum, respectively. The single-day
extreme values are 3.4 and 7.1 -x 10'! photons s! em?
yielding an extreme solar cycle variation of 2.1. Vidal-
Madjar {1977} had a similar conclusion from data before
1975 in that the solar cycle variation for Lyman o irradiance
is a factor of 2.

The variability for solar rotation (27-day) is calculated by
taking the ratio of the maximum and minimum within a 27-
day window. The range of solar rotation variability in Lyman
o is found to be between | and 37% as shown in Figure 9.
Vidal-Madjar [1977] had a similar conclusion from data
before 1975 in that the solar rotation (27-day) variation for
Lyman o irradiance is no more than 30%. The average solar
rotation (27-day) variability is 9 + 6% over the entire time
series. The solar rotation variability for solar maximum and
minimum is derived by averaging the 27-day ratios over a 2-
year period. The solar rotation variability during solar
maximum is 11 £ 5%, slightly larger than the average over the
entire time period. The solar rotation variability during solar
minimum is 5 £ 3%. When just the observations are
considered, the solar rotation variability is 13 + 7%. The Mg
model result is very similar to the observations. However, the
F10.7 model result is 7 + 4%, which is almost a factor of 2
lower than the observational result.  The F10.7 model
reproduces the observational long-term irradiance with ~5%
accuracy as shown in Figures 3 and 4, but the F10.7 model
underpredicts the 27-day wvariability of the observed
irradiance by 6-10%. This result indicates that the F10.7
model is unable to predict both the long-term and short-term
variability with the same accuracy.  Another difference
between the observations and the F10.7 model is that the solar
rotation variability during selar minimum conditions is ~5
times higher for the observations. This result also indicates
that there is solar activity throughout the solar minimum
period for the true Lyman o radiation. Because the 10.7-cm
flux remains bright off the solar Hmb [Donnelly et al., 1983],
the 27-day variability of F10.7 is expected to be less than the
variability for UV emissions. This effect may partially
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explain why the F10.7 model’s predictions for the 27-day
variability of Lyman o are lower than the observational
results throughout the solar cycle. Although the F10.7 model
reproduces the observations by ~7%, the F10.7, primarily a
coronal emission, is not the best proxy to represent the Lyman
o trradiance.

6. Physical Differences Between Models
and Observations

In this section a solar irradiance proxy model is compared
to a model that is based on the distribution of solar surface
features. Our motivation for this comparison is to better
characterize the capability of a solar proxy for predicting solar
irradiance variations. For example, we show that the Mg C/W
index is not as good a proxy for the Lyman o irradiance
(which is primarily emitted from the transition region) as it is
for radiation emitted from the chromosphere.

Lean and Skumanich [1983] established that at least three
components are nceded to model the Lyman « irradiance.
They defined these components as quiet Sun, active network,
and plages. The contribution to the total Lyman o itradiance
was computed using estimated areas and intensities of each
structure type. Plage areas were measured using ground-based
Ca 11 X images [Swartz and Overbeek, 1971}, The active
network area was a modeled value based on the estimated
decay rate of active regions and the estimated area of the total
photosphetic network. The quiet Sun area was based on the
distribution of Ca II K intensities over the solar disk.

Motivated by Lean and Skumanich’s [1983) three-
component model, advances in computer processing speed,
and the availability of large numbers of high-quality solar
spectroheliograms at various wavelengths, Worden et al.
[1998, 1999a] sought to determine how solar surface
structures contribute to Ca II K (chromospheric) and He II
30.4-nm (transition region) irradiance variability. In both
studies it was found that an additional component, enhanced
network, significantly contributes to the irradiance emergent
from the upper photosphere through the transition region,
They also found that “active network” did not significantly
contribute to Ca IT K sotar cycle irtadiance variability but did
significantly contribute to the solar cycle variability of the He
IT 30.4-nm irradiance. Before continuing with this analysis, it
is useful to better characterize these different structures.

As noted by Harvey and White [1999], there are mno
universally accepted, unique nomenclature for the range of
magnetic structures formed on the solar surface. For example,
on asingle solar intensity image it is difficult to separately
identify a decayed plage, which may incorporate a decaying
sunspot, from enhanced network. In addition, there is
essentially no difference between enhanced network and
active network at the smaller length scales. The following
definitions for “plage,” “enhanced network,” “active network,”
and “quiet Sun” are referenced from previous work and
adapted for modeling the solar UV irradiance.

1. A “plage” is the bright faculae associated with a
photospheric, magnetic bipolar active region. Active region
sizes range from 20,000 km to 100 Mm [Schrijver, 1988, and
references therein]. After an active region emlerges onto the

surface, various surface processes, such as differential
rotation, meridional flow, flows from supergranular
convection cells, and chance encounters between other

magnetic flux elements [e.g., Leighton, 1964; Schrijver, 1989;
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Wang et al., 1991; Worden and Harvey, 2000], act to fragment
and disperse an active region’s magnetic flux:

2. The cancelation of magnetic flux along the neutral line
appears to separate the active region into two different regions
[Schrijver, 1989, Worden and Harvey, 2000]. Each region is
primarily of one or other magnetic polarity. Sunspots have
mostly dissipated, and supergranular convection is no longer
completely suppressed within the region [Zwaan, 1987, and
references therein]. However, the resulting structure is still
large, compact, and bright in intensity images [Worden et al.,
1998]. These particular structures are defined as “enhanced
network” [Zwaan, 1987; Wang and Zirin, 1991].

3. Supergranular convection cells form randomly on the
surface, have diameters between 15000 and 24,000 km
[Hagenar, et al., 1997; Berrilli et al., 1998], and deform or
dissipate approximately every 24 to 48 hours [Singh et al.,
1994; Wang and Zirin, 1991]. The flows associated with
supergranular convection cells merge and fragment magnetic
concentrations [e.g., Schrijver et al., 1997; Leighton, 1964}.
Although supergranular convection cells appear to be
suppressed in active regions and mildly suppressed in
enhanced network [Zwaan, 1987, Wang and Zirin, 1991], the
flows associated with supergranular cells can still chew small-
scale (lengths of ~15,000 km) magnetic flux concentrations
from the edges of these larger, compact regions and disperse
them across the Sun in a random walk manner [Leighton,
1964; Schrijver 1989]. These small-scale, bright features
originating from active regions are called “active network” by
Lean and Skumanich [1983] and Skumanich et al. [1984].
Like the enhanced network, they are primarily of one magnetic
polarity. In addition, the migration of the active network to
the poles is thought to be responsible for reversing the
magnetic polarity of the polar fields every solar cycle
[Leighton, 1964].

4. What is tentatively called the “quiet Sun” is ‘a mixture of
many things. Because the flows inside supergranular
convective cells sweep magnetic flux to the cell boundaries,
the cell interiors are nonmagnetic or weakly magnetic. As a
result, the emergent radiance from supergranular cell interiors
is not likely assoctated with magnetic fields [Worden et al.,
1999b; Lites et al., 1999] and therefore does not significantly
vary on solar cycle time scales [Worden et al., 199%b; Lean et
al,, 1998]. The magnetic fields associated with enhanced
intensities at the cell boundaries (the photospheric network)
have many sources including the magnetic intranetwork,
ephemeral regions, and active network. The intranetwork are
small bipoles with typical length scales of 1000 to 5000 km

[e.g., Solanki, 1993]. 1t is thought that the amount of flux
from the intranetwork does not vary with the solar cycle,

because the intranetwork is likely formed near the surface
[Petrovay and Szakaly, 1993]. However, the number of
ephemeral regions, for example, magnetic bipoles with length
scales of ~30,000 km [Harvey and Martin, 1973], and active
network both vary with the solar cycle. Because much of the
background magnetic network originates from sources that
vary with the solar cycle, the irradiance measured during. solar
cycle minimum could be different for different solar cycles. It
would therefore be incorrect to equate the solar minimum
irradiance with a “quiet Sun” irradiance. However, the quiet
. Sun radiance is likely to be constant over the solar cycle and
to have both magnetic and nonmagnetic components. For
example, the irradiances of stars in a Maunder Minimum state
(the irradiance is effectively constant over their expected
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equivatent stellar dynamo period) are found to have magnetic
and nonmagnetic components (S. H. Saar ef al., manuscript in
preparation, 2000).

In section 6.1 we compare a proxy model to a model that
approximates the variation of these different solar structures
with the solar cycle. In order to facilitate this comparison we
coarsely group these multiple structures into three structures.
The plage and enhanced network are combined into a singte
“plage” structure becanse these two structures are primarily
responsible for the 27-day period seen in ultraviolet
irradiance variations [Worden, 1996]. The quiet Sun irradiance
is presumably some equilibrium value if the solar dynamo
were turned off. The active network is the third componeat.
Smaller ephemeral regions are incorporated as active network,
and larger ephemeral regions are incorporated into the “plage”
component.

6.1. Relationship of Leng-Term and Short-Term Variations
to Plage and Active Network Components

The three-component model of the irradiance E can
conceptually be represented as the following:
~0) S+ (Cr=1) /2],

E:EQ[H(C,V 3)

The fvariables represent the summation of the fractional area
of each component, and the C coefficients are the average
contrast (ratio) between the component’s radiance and the
quiet Sun radiance. The subscripts Q, N, and P are for the quiet
Sun, active network, and plage components, respectively. The
center-to-limb variation is weighted with the contrasts (Cy
and Cp), which are assumed to be effectively constant over the
solar cycle [Worden et al., 1998]. This three-component
model is similar to Lean and Skumanich’s [1983] model and
Worden’s [1996] model. Lean and Skumanich [1983] used the
fp 10 be the plage area derived from Ca Il K images and the fy
to be the plage result smoothed over seven solar rotations and
lagged by one rotation. Worden [1996] developed a similar
model but derived both the plage and active network areas
directly from Ca Il K images. Worden et al. [1998] describe
the processes and results of extracting the plage and active
network areas from Ca Il K images. Their analysis showed that
the active regions (their plage and enhanced network
components) had a strong 27-day variation, whereas the active
network component barely had any 27-day variation. They
further showed that the Ca 1T K contrast of the plage and active
network did have a reasonably constant value over two solar
cycles with a variation of 8 and 2% from its average for the
plage and active network, respectively.

The three-component proxy model used here (equation (I))
was motivated by Lean and Skumanich’s [1983] and
Worden’s [1996] models, but the components were selected
differently to use the more readily available full-disk proxies.
The sacrifice for a simpler, easier to use model is the loss of
the direct link to the physical source of the emissions,
namely, the plage and active network regions. Relating the
different models represented by (1a) and (3) yields the
following relationships:

C C
E"'Emin[l"' £ (/:Q! _j?nin)+ £ (P_‘pﬁ])]’ (4a)
Emjn Emin
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Equation (4a) is (la) rewritten with the condition that
E=E,,, when P=Pg;=P,,;, in order for (la) to look more like
(3). Equation {4b) is (3) rewritten to look more like (la) with
the condition that the active network does not have any short-
term variations. Then the similar terms in (4a) and (4b) are
used to derive the relationship of short-term and long-term
variations between the two different models. Therefore the
short-term variation is equivalent to the short-term variation
of the plage component. However, the long-term variation is a
combination of the variation of both the active network and
plage components. The short-term and long-term parameters
Cs and €7 can be further reduced when the proxy is also

modeled like (3):

1+[(C,vp - 1)./}\/ +(CPP - 1)/}9_8|]

P= Pmin s (5 )
+(CP/’ - 1) (./)D“./,DJI) ’
Cp~1
Cy :Eml}‘r((?;%g) » (5b)
c - (CN"I)./-/V"'(CP_I)‘/}’_M
L =& pn . .
(C/VP‘I)/A/*'(CPP“I)./P_SI (56)
. (Cy=1)&+(Cr-1) ’
" Cpp =K+ (Crp—1)

c, +&(cy-1)/(cr-1) o)

Cs 14K (Chp=1)J(Crp-1)

The proxy contrast ratios are labeled with the subseripts of NP
and PP for the active network and plage contrast ratios,
respectively. The long-term parameter is also further
simplified using the assumption that the active network area
is proportional to the 8t-day-smoothed plage area; that
is, /oy =K fp gy Lean and Skumanich [1983] used a similar
assumption in modeling the active network area, and the He IL
30.4-nm images indicate that this assumption is reasonable
with a X value of ~1 [Worden et al., 1999a). The relation of

the long-term and short-term coefficients to the active
network and plage contrasts is shown in (5d).
With these relationships established . the physical

differences between the long-term and short-term coefficients
can be examined. One fundamental question to answer is
“should emissions have the same short-term and long-term
variations relative to a proxy?” From (5), there are only two
conditions for which the short-term and long-term parameters
can be the same. One condition for €, =C is that the active
network is not seen in the proxy or in the emission being
modeled, that is, Cyp=Cy =1. While the contrast for the
active network is small for most UV chromospheric and
coronal emissions, the active network does contribute --10-
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20% for these emissions [Worden, 1996]. Therefore this
condition is not a realistic case. The other condition for
C; =Cy is that the ratio of the active network contrast to the
plage contrast be the same for the proxy and the emission
being modeled, that is, (Cyp-1)/(Cpp-1) = (Cn-1)(Cp-1). As
will be shown in section 6.4, this condition appears to occur
for cases where the proxy and the emission are emitted at
similar temperatures (altitudes) within the solar atmosphere.
If neither of these two conditions is meet, then the long-term
variation parameter is expected to be different than the short-
term variation parameter. From (5) the long-term variation is
predicted to be larger than the short-term variation if the
active network contrast is more important for the emission
than for the proxy; that is, . (Cnp-1)/(Cpp-1) < (Cn-1)/(Cp-1).

‘The opposite is also expected; the long-term variation is

predicted to be smaller if the active network contrast is more
important for the proxy than for the emission.

Another fundamental question to answer is “how
instrument calibrations effect the differences between the
short-term and long-term variations relative to a proxy?” -
Although our model represented in (1} is fit vsing linear
regression, one can obtain very similar results by fitting the
irradiance’s long-term and short-term variations separately.
In particular, the slope from the linear fit of the 81-day-
smoothed proxy to the 81-day-smoothed irradiance is the
long-term variation contrast, and the slope from the linear fit
of the short-term proxy (P-Pg)) to the short-term irradiance
(E-Eg() is the short-term variation contrast. ~ With this
approach, the relation of the long-term contrast to the short-
term contrast has the following relationship:

i - (ESI "Emin)/(‘%l _Pm'm)
Cs  (£-B)(P-21)

:(ES]"Emin) (P_PSI)
(£-£01) (A1-7oin)

The ratio of the long-term to the short-term contrast is
therefore insensitive to any systematic errors for the
irradiance or proxy; that is, systematic offsets are canceled.
For this reason, this ratio will be used in the following
sections to examine the differences between various
emissions and the proxies. However, a time-varying
degradation function for either the irradiance or the proxy
instrument would affect the long-term contrast more than the
short-term contrast. A measurement sequence from one solar
minimum to the next solar minimum would be beneficial in
validating an instrument’s degradation function. Because the
solar minimum values for the proxies have very similar
values, the degradation function for the irradiance instrument
is the primary concern. In lieu of this verification for
SOLSTICE, we will assume that the SOLSTICE degradation
finction is not an important factor for the ratio of the long-
term to the short-term contrast, because the SOLSTICE
degradation is believed to be accurate to a few percent.

6.2, Similarities Between the Mg Proxy and Chromospheric
Emissions

The variation of the chromospheric emissions shows the
greatest similarity to the variation of the Mg proxy, that-is,
Cy=Cs when the Mg proxy is used for modeling the
chromospheric emissions. Three SOLSTICE examples of this
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Figure 10. Chromospheric modeling with the Mg proxy. The long-term variation contrast C; and short-term
variation contrast Cg are shown as the solid lines for the SOLSTICE O I 130.4-nm emission, C I 165.7-nm
emission, and 177-178 nm continmum, The dashed lines in the long-term plots (left side) are the slopes for
the short-term variation, and the dashed lines in the short-term plots (right side) are the slopes for the long-
term variation. These dashed lines are not discernible as they lie very close to the solid lines owing to the
short-term and long-term variation contrasts are about the same value.

similarity are shown in Figure 10 for the O I [30.4-nm
emission, the C I 165.7-nm emission, and the 177.5-nm
continuum. [n Figure 10 the long-term (8!-day-smoothed)
component and the short-term (daily minus the 81-day
smoothed) component of each irradiance are compared to the
long-term and short-term components of the Mg proxy. A
linear fit is obtained for each component, and the slope of the
fit is the variatton coefficient. For these three emissions, the
long-term parameter is within 5% of the short-term parameter.
With the long-term parameter being very similar to the short-
term parameter, a single linear relationship (two-component
model) with the Mg proxy can be used, instead of a three
component model, to predict the irradiance for most
chromospheric emissions.

The Mg proxy is generated in the chromosphere at a
temperature of ~6500 K [Vernazza et al., 1981]. Thus the
emissions formed between 6000 and 7000 K, such as the Ca Il
K emisston and the far UV (A < 200 nm) continuum, are likely
to be similar to the Mg IT k emission. From discussions above
for (5) we expect that the ratio of the active network contrast
to the plage contrast should be similar for most
chromospheric emissions.

6.3. Differences Between the Mg Proxy and Transition
Region Emissions

Unlike the chromospheric emissions, the transition region
emissions have very different long-term and short-term
vatiations relative to the Mg proxy. Three SOLSTICE
examples of this difference are shown in Figure 1l for the
He Il 164.0-nm, NV 124.1-nm, and Lyman o emissions. The
He Il and N V emissions are emitted from the transition region
with a excitation temperature of ~56,000 and ~200,000 K,
respectively [Vernazza et al., 1981]. The Lyman o emission is
from both the chromosphere and transition region but has a
peak in its source function near 40,000 K [Woods et al., 1995;
Fontenla et al., 1991]. The difference between the long-term
parameter and the short-term parameter is almost a factor of 2 ‘
for all of these transition region emissions.

The SOLSTICE irradiances between 119 and 182 nm are
also modeled with the Mg proxy to examine any trends with
excitation temperature. Both the SOLSTICE spectral irradiance
in 1-nm intervals and the irradiances of several emissions
extracted from the continuum are analyzed. The ratio of C(/Cg
is shown in Figure 12 as a fonction of wavelength and as a
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Figure 11. Transition region modeling with the Mg proxy. The long-term variation contrast C; and short-
term variation contrast Cg are shown as the solid lines for the He Il 164.0-nm emission, N V 124.1-nm
emission, and H I Lyman o emission. The dashed lines in the long-term plots (left side) are the slopes for the
short-term variation, and the dashed lines in the short-term plots (right side) are the slopes for the long-term

variation.

function of excitation temperature. The solid line in Figure
12 is the result for the SOLSTICE spectral irradiance in [-nm
intervals, and the diamond symbols are the results for the
extracted emissions. Because it is not feasible to assign a
temperature for the 1-nm spectrum that is a combination of
continuum and emissions from different layers in the solar
atmosphere, only the results from the extracted emissions are
plotted versus temperature. For the l-nm irradiances above
165 nm and near 130 nm, the ratio of C/Cg is ~1, thus
suggesting that the chromosphere is the primary source for
those wavelengths. The ratio of C;/Cg as a function of
temperature  indicates a steady rise from 1 at the
chromospheric temperature of 7000 K and then a fairly
constant factor of ~1.8 for transition region emissions
(temperatures between 20,000 and 400,000 K). Interestingly,
the ratio of C(/Cg for Lyman ¢ is also a factor of 1.8, thus
indicating that the Lyman o variability behaves more like
transition region emissions than like chromospheric
emissions.

6.4. Increase of Active Network Contrast and Plage
Contrast in the Transition Region

With a long-term variation much larger than the short-term
variation for the transition region emissions as compared to
the chromospheric Mg proxy, the ratio of (Cn-1)A(Cp-1) is

expected to be larger for transition region emissions than for
the chromospheric Mg proxy as indicated by (5d). This
condition can be met if the active network contrast and plage
contrast are both larger for the transition region emission than
the contrasts for the Mg proxy. In particular, if both Cy and
Cp increase by the same factor, the ratio of Cp/Cp will remain
the same, but the ratio of (Cn-13/(Cp-1) will increase.
Therefore the above transition region results indicate that the
active network contrast and plage contrast should be larger for
the transition region emissions than for the chromospheric
emissions.

To verify this prediction, the ratio of (Cny-1)/(Cp-1) is
examined from contrast ratios derived from solar images and
results derived from irradiance modeling. This ratie, as shown
in Figure 13, ranges from 0.07 to 0.21 for the chromospheric
emissions and from 0.26 to 0.42 for the transition region
emissions. Although there is more spread in the values for
this ratio, the ratio of (Cy-1)/(Cp-1) has a similar trend in
excitation temperature as the ratio of C;/Cg. Therefore these
results confirm that the active network and plage contrasts are
larger for the transition region emissions than for the
chromospheric emissions. These results also suggest that the
active network should be more apparent in transition region
images than in chromospheric or coronal images by a factor of
~2. Reeves [1976] showed that there is a peak in the network



27,210

WOODS ET AL.: IMPROVED SOLAR LYMAN o IRRADIANCE MODELING

ONV o cv

Lyman—o OHe 1

O Silv

O Sill

']"'|"'I[”|”"!'“

Ratio of C./Cq

)lllllllllllll[ll)llll

120 130 140 150 160 170 180
Wavelength (nm)

B g

0oL CI
cIl

Lyman-a
8i IV, He II ©O

A\

o 3 Sl
\

o \

St @

\

\
LN

Ratio of C./Cq

N o O
I|||||I|||||'|[|||||ll
\
\ 4
\
\
CIV ©
|
|
|
|
|
O
RIERERESRE RRUNE ;

4.0 4.5 5.0
log( Temp )

O
o

Figure 12. Ratio of C;/ Cgas a function of wavelength and excitation temperature. The long-term and short-
term variation contrasts are derived using the Mg proxy with UARS SOLSTICE sotar FUV irradiances. The
solid line in the top panel is the contrast ratios for the SOLSTICE irradiances in 1-nm intervals on 0.5-nm
centers. The diamonds are the contrast ratio for the brighter emissions extracted from the solar spectrum.
Only the extracted emissions are assigned a excitation temperature. The dashed line in the bottom panel is a
quadratic fit to the results.

L T T 3 T T T T
N — N 3
0.40 P 3
—~ " - Bax 4 > b ]
— - © ¥ A n > & - ]
| r T o 5 w 3
o, N =4 4 [ =7\ 4 = ]
< 0.30F 5 : - :
X TR = e ]
— [ - @ L] 5
[ Fo o =
(_:"Z L o o . B
g 020F° o
- s w
o] £ oz ]
o C 7z (&) 3
3 0.10F5 o =
1] F o 3
o £ 3
OOO F PR IS S ST S S S T 1 1 FUNIT S B PSR | ]

4.0 4.5 5.0 5.5 6.0 6.5
log( Temp )
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dotted line is a quadratic fit for alt of these results.
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Table 1. Active Network and Plage Contrast Ratios From SOHO CDS Images?

Emission, nm  log(Temp) Method v I Cy Cp (Cy-1)/(Cp-1)
He 11304 4.75 HIST 0.17+0.05 0.12+0.05 1.60 +0.09 271+0.56 0.37+0.07
IMAGE 0.364:0.06 0.04 + 0.03 1.73£0.12 376 £ 0.87 0.28=006
Fe XVI 335 6.50 HIST 0.10£0.11 023024 1.75+0.36 512+£225 020+0.10
IMAGE 025+0.14 0.07 £0.06 237+0.88 13.6+89 0.16%0.15
Mg 1X 36.8 590 HIST 0.09+0.06 0.10+0.06 1.67+0.25 3.15+£0.68 032+0.11
IMAGE 0.26 +0.09 0.05+0.04 1.83+0.19 460+ 1.59 026008
[OBAR RN 5.05 HIST 0.22 £ 0.06 0.14+0.03 1.81=0.08 3.00+0.36 0.41+0.04
IMAGE 044007 0.03+002 2.00+0.15 3.80+0.73 0.37+0.07
He 584 435 HIST 0.18+0.05 0.13+0.06 1.67 £ 0.00 3.08 +£0.69 0.34+0.07
IMAGE 036+ 0.06 0.04 £ 0.04 1.83+0.14 453+132 0.25+0.06
[V X] 5.25 HIST 021+0.05 0.13+0.03 1.82+0.10 3.00+043 042+004
IMAGE 042+ 0.07 0.02 4+ 0.02 1.98 +0.15 4.11+0.92 0.33+0.07

2 The fractional area of the active network and plage (fi and #p) and the contrast ratios of the active network and plage (Cy and Cp) are derived
from full-disk solar images using a “histogram™ method (HIST) and an “image analysis” method (IMAGE). The values listed are the averages and
the standard deviations for the 36 full-disk images taken by Solar and Heliospheric Observatory (SOHO) Coronal Diagnostic Spectrometer (CDS)

from 1996 to 2000. See the text for clarification of the two methods.

contrast near a temperature of 150,000 K from the analysis of
Skylab images at many wavelengths. Our results re-confirm
these earlier results by Reeves [1976]. The remaining part of
section 6.4 describes the derivation of the active network
contrast and plage contrast values.

While there are several full-disk solar images from SOHO
and Transport and Atmospheric Chemistry Near the Equator
(TRACE) for a variety of chromospheric and-transition region
cmissions, analysis of these images for average contrast ratios
has not been published vet. So a uniform analysis at different
wavelengths was performed uvsing 36 full-disk solar images
from the SOHO Coronal Diagnostic Spectrometer (CDS)
[Thompson and Carter, 1998]. The active network and plage
contrasts are listed in Table | for the He IT 30.4-nm, Fe XVI
33.5-nm, Mg IX 36.8-nm, O IV 55.5-nm, He [ 58.4-nm, and O V
63.0-nm emissions.  These results, which are primarily
representative of the transition region, were derived using two
different techniques.  One method wused the intensity
histogram technique, where the first Gaussian of the intensity
histogram is assigned to be quiet Sun, the second Gaussain is
assigned to be the active network, and the remaining intensity
is assigned to be the plage. The other technique used the
image analysis of intensity threshold and filling factor, such
as by Worden ef al. [1998], to identify the plage and active
network components from the full-disk image. The center-to-
limb variation is removed before the image analysis is
performed. The histogram (HIST) method yielded larger plage
fractional areas and thus smaller active network areas than the
image analysis (IMAGE) method. Consequently, the plage
contrasts are much smaller for the HIST method than for the
IMAGE method. - The resulting ratios of (Cy-1)/(Cp-1) are,
however, similar for both methods, but the ratios from the
HIST method are systematically larger than the ratios from the
IMAGE method. These CDS ratios are shown in Figure 13 as
the solid triangles and solid squares. These CDS He II 30.4-
nm results can be compared to the results for the EIT He II
30.4-nm images. Worden et al. [1999a] analyzed the EIT He II
30.4-nm images and found that the average active network
contrast is 2.1 and that the average plage contrast is 4.0. Thus
the ratio of (Cy-1)/(Cp-1) for the EIT He IT 30.4-nm emission is
0.37 and is in good agreement with the CDS ratios of 0.28 and
0.37,

The contrast ratios for the chromosphere, as derived from
image analyses, are only derived trom the ground-based Ca II
K images. Worden et al. [1998] found for the Ca II K images
that the average active network contrast is 1.3 and that the
average plage contrast is 1.7. However, the extraction of the
active network from the Ca II K images did not include the
surrounding area as was done for the plage regions. Therefore
the active network area is underestimated, which leads to the
active network intensity contrast being overestimated
[Worden et al., 1998]. This overestimate for active network
contrast might be as large as a factor of 2, so the ratio of
(Cn-1)H(Cp-1) for Ca IT K is probably ~0.2 from Worden et
al.’s [1998] image analysis. Using a different technique of the
same Ca Il K images, Steinegger et al. [1998] derive a plage
contrast and active network contrast of 3.1 and L.3,
respectively, thus yielding a (Cy-1)/(Cp-1) ratio of 0.15.

The active network and plage contrasts for Lyman o have
also been studied. From Lyman o radiance measurements,
Schrijver et al. [1985] obtained an average active network
contrast of 1.7 from three quict regions and an average plage
contrast of 3.1 from 27 active regions. Fontenla et al’s
[1999] solar irradiance synthesis approach yields an average
active network contrast of 3.0 and an average plage contrast of
6.1. This result used their model F as the active network, 90%
of model H and 10% of model P as the plage, and 10% of
model A, 80% of model C, and 10% of model E as the quiet
Sun. These contrasts are different, mainly because the
methods in defining the area of the active network or plage are
different. In particular, the method that obtains larger areas
yields smaller contrast ratios. Nonetheless, the ratio of
(Cn-1ACp-1) for Lyman o ranges from 0.33 to 0.39 for these
different contrast resuits.

With the lack of additional image analysis, the active
network and plage contrast ratios derived from irradiance
modeling by Worden [1996] are also examined. Worden
[1996] models the SOLSTICE solar UV irradiances below 200
nm using the active network and plage areas derived from Ca
IT K tmages as the variables, and he determines the quict Sun
irradiance, active network contrast, and plage contrast as the
model coefficients. He derives plage intensity contrast ratios
that can be directly compared to plage contrast ratios derived
from solar images. For example, he derived a Lyman o plage
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Table 2. Active Network and Plage Contrast Ratios from
Irradiance Modeling?

Emisston, nm  log(Temp) Cp Cy  (Cy-Y(Cp-1) C/Cs
Si Il 120.6 4.25 949 341 0.28 1.51
HI121.6 4.60 6.70  3.21 0.39 1.84
NV 124.1 5.30 575 2.64 0.34 1.94
Sill126.2 4.00 696 221 020 1.38
011304 3.85 421 1.68 0.21 [.01
CII133.6 4.10 586 149 0.10 1.22
SilV 139.8 4.75 699 255 0.26 1.77
Sill 153.0 4.00 6.35 1.71 0.13 1.29
CIV 155.0 5.00 467 196 0.26 1.94
He I1 164.0 4.75 9.76 413 0.36 1.81
C1165.6 385 3.08  1.14 0.07 1.04
Sill 181.3 4.00 479 163 0.17 1.35

a8 The active network contrast (Cy) and plage contrast (Cp} ratios are
from modeling the UARS SOLar STellar Irradiance Comparison
Experiment (SOLSTICE) irradiances [Worden, 1996]. The ratios of the
long-term and short-term variation relative to the Mg proxy (Cy, /Cg) are
also listed.

contrast of 6.6, which is very similar to Fontenla et al’s
[1999] plage contrast result.  The active network area is
underestimated from the Ca IT K image analysis [Worden et al.,
1998]; consequently, Worden's [1996] active network
contrast results are not directly comparable to active network
contrast ratios derived from solar images. The active network
conirast ratios from Worden [1996] are, however, relative to
the true contrast ratios, so his values can be scaled uniformly
at all wavelengths to match a reference contrast ratio. With his
(Ca IT K) Lyman ¢ plage contrast being very similar to
Fontenla et al.’s [1999] plage contrast, Fontenla et al’s
{1999} active network contrast is used as a reference to scale
Worden’s [1996] active network contrast ratios so that the
Lyman o active network contrast is 3.2. The plage contrast
ratios and the scaled active network contrast ratios from
Worden’s [1996] irradiance model are listed in Table 2. The
ratio of (Cn-1)/(Cp-1) for the He IT 164-nm emission is 0.36
and is in very good agreement with the values from the He Il
30.4-m image analysis. The ratios for the chromospheric O1
and C I emission are also consistent with the value of 0.15-
0.20 from the Ca II K image analysis.

All of these results for the active network and plage
contrasts support that the transition region cmissions have
larger contrasts than those for chromospheric or coronal
emissions. Therefore the long-term parameter is expected to
be larger than the short-term parameter when modeling
transition region emissions with chromospheric or coronal
proxies. The ratio of (C-1¥(Cp-1) is related to the ratio of
Cr/Cs as shown in (5d) and is only one of the two
relationships needed to understand the proxy models. The
other proxy model relationship described by (5b) is that the
short-term parameter Cy is proportional to the plage contrast
(Cp-1). In general, the plage contrast increases going from the
chromosphere into the corona. Therefore the better proxy for
an emission will have both a similar plage contrast and a
similar ratio of (Cy-1)/(Cp-1). In other words, the better proxy
for an emission will be from the same altitnde and source
region of the solar atmosphere. Deriving active network and
plage contrast ratios from solar images at many other
wavelengths 18 warranted to verify these ideas more
conclusively.
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6.5. Transition Region Irradiance Time Series Lag
Behind Chromospheric Time Series

Because the ratio of (Cn~1)/(Cp-1) is larger for transition
region emissions than for chromospheric emissions, the
active network contribution to the irradiance variability is
expected to be larger for the transition region emissions than
for the chromospheric emissions. Then with the active
network evolving from the plage regions, the transition
region irradiance time series are expected to lag behind the
chromospheric time series. In other words, the active network
lags behind the plage evolution by a period of a few months,
so emissions that have a stronger network variability
component, such as the transition region emissions, should
lag behind emissions that have a weaker network component,

-such as the chromospheric emissions. This possibility for the

Lyman o irradiance is checked by shifting its time series
relative to the Mg proxy and by finding the time shift that
gives the best proxy model fit. Because the solat rotation is a
large component of variability, only time steps of a solar
rotation (27 days) are tested. The lowest deviancies of the
proxy model from the observations are found to be when both
the SOLSTICE and SME Lyman o irradiances are lagged
behind the Mg proxy by 54 days. The resulting proxy model
comparisons with this 54-day lag of the Lyman o are shown in
Figures 4b and 5b.  There is a long-term drop of ~7%
following solar minimum that is seen in both comparisons of
the SOLSTICE and SME Lyman o irradiance to the Mg proxy
model (Figures 4a and 5a). However, with the 54-day shift,
this trend after solar minimum is mostly removed as shown in
Figures 4b and 5b. This resvlt supports the prediction that
the transition region irradiance time series should lag behind
a chromospheric proxy.

While the 54-day lag of the Lyman ¢ irradiance improved
its comparison to the Mg proxy, there remain some differences
that could be caused by instrument artifacts. For SME the
difference of ~5% for the first 2 years of the mission could be
due to inaccuracies in the SME degradation function for the
beginning of the mission. For SOLSTICE the difference of
~3% after 1998 perhaps implics that the SOLSTICE
wavelength calibration, which was extrapolated past 1998,
needs te be updated.

7. Improvements for Proxy Models

The Lyman o itself has been used as a proxy for modeling
chromospheric and transition region emissions, such as in the
EUV97 model [Tobiska and Eparvier, 1998]. The BUV97
model, as well as the other commonly used model by
Hinteregger et al. [1981), is a two-component model; namely,
the parameters are a constant coefficient and a contrast ratio of
the emission’s variability relative to the proxy’s variability.
These models also use a coronal proxy for the coronal
emissions. The results in section 6.2 indicate that the two-
component model approach is appropriate if the emission’s
sowrce region, in temperature/altitude and in different types of
active regions, is very similar to the proxy’s source region.
On the other hand, the results in section 6.3 indicate that the
two-component model approach could fail by almost a factor
of 2 if the proxy’s source region is not consistent with the
emission’s source region. To better address these differences,
we suggest two techniques for improving solar irradiance
proxy medels. One technique is to use long-term and short-



WOODS ET AL.: IMPROVED SOLAR LYMAN ¢ IRRADIANCE MODELING

He I 1640
45F =113 =
4.0 =

3.5
3.0
2.5

Eg, (x 1079)

el ERETA NRTTE FRNRE SRUTH I

o
o

4.5 5.0

Lag,

5.5

NV 1241

Pl b T R T T 3

i ' He Il 1640, . . o
S 05F Cs=1.086 .

x ] ;
~ 00 ;
5 ]
= N i
| —05 7
M e MR M ]

?
& 1.80F C,=028 o
S 1.50 X
e 1.40 =
. 1.30 S
= 1.20 |
1.10 3 =
3.5 4.0 4.5 5.0 5.5 6.0
Lotg,
oilt 105 : cat e
= - 3 - I 0 o ® 2
w0 f C.=186.73 = i 3 & 3 e
3 il E T : 4
o E e -
jun 60 — E ! " ]
- ] © -5t E
50 é T f”?’“ ]
E -10¢ e ‘ g
3.5 4.0 4.5 5.0 5.5 6.0 -0.4 -0.2 0.0 0.2 0.4
Lotg, La — Lag,
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term variables, such as is done in (1) with the 81-day- be the same for long-term and short-term variations.

smoothed proxy as the long-term variable and the daily minus
the 81-day-smoothed proxy as the short-term variable. A
second technique is to include more classes of proxies
besides the traditional chromospheric and coronal proxies.
From this study, a separate proxy is meeded for the
chromosphere and transition region emissions. One solution
is to use the Mg proxy for chromospheric emissions and to
use our Lyman « composite time series as the proxy for
transition region emissions. The transition region emissions
of Si Ill and N V are compared to the Lyman o in Figure 14,
and this comparison shows that their long-term and short-
term variations relative to Lyman o are very similar, While
either technique could improve the accuracy of a proxy model,
the combination of both techniques would make the most
significant improvement. An uncertainty of 10% or better
seems possible for proxy models that use these techniques.
One method to estimate a solar instrument’s degradation
function is to assume that the long-term variation should be
the same as the short-term variation relative to a proxy. For
example, Cebula et al. [1998] used this method to estimate
the degradation of the Solar Backscatter Ultraviolet (SBUV)
instrument.  On the basis of the results presented here, we
caution against this instrument degradation technique unless
the relation of the emission and proxy has been established to

Fortunately, the measurements from the UARS SOLSTICE and
SUSIM instruments, with their in-flight calibrations, should
be able to establish these relations of solar UV itradiance to
various proxies.

The primary product for most models of the Lyman «
irradiance is the total line-integrated Lyman o irradiance, so
the inclusion of the Lyman o line profile and how it varies
coutd be another improvement for modeling the Lyman o
irradiance. The partial redistribution of the Lyman o radiation
in the chromosphere leads to a Lyman « profile that is
normally reversed at line center, but some Solar Maximum
Mission (SMM) measurements of the Lyman o radiance over
plages have shown little or no line center reversal [Fontenla et
al., 1988}, With the Lyman o profile sometimes showing less
line reversal over active regions, the profile of the Lyman o
irradiance could change with solar activity. The Lyman o line
profiles calculated for Fontenla et al.’s [1999] solar irradiance
synthesis indicate that the plage intensity in the line center is
~50% more variable than the intensity in the wings. In other
words, the Lyman o tine center formed in the transition region
is expected to be more variable than the Lyman o wings
formed in the chromosphere. While SOLSTICE does not have
high enough spectral resolution to measute any profile
changes in the Lyman o 0.1-nm line core, Woods et al. [1995]
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did show that the variability of the SOLSTICE Lyman o
irradiance in the wings is about half of the line center
variability and decreased steadily as the distance from line
center increased. Lemaire et al. [1978}, Meier [1995], and
Roussel-Dupré [1982] are the primary references for high
spectral resolution Lyman « profiles but without knowledge
of whether the profile changes with solar activity, Meier
[19953] also shows that the H I Lyman B profile is very similar
to the Lyman ¢ profile, but the remaining Lyman series lines
can be represented by Gaussian functions with a width of
~0.03 nm. From more recent Lyman series measurements by
SOHO SUMER, but excluding the Lyman « line, Warren et al.
{1998] show that the Lyman series lines have stronger line
reversal near the solar limb and that their line profiles change
asymmetrically higher on the red side with increased
intensity. The potential change in the Lyman o irradiance
profile is an important issue for solar system studies of
hydrogen abundance; therefore high spectral resclution
measurements, to better than 0.02 nm, of the Lyman o
irradiance are warranted during different levels of solar
activity. In lieu of such observations, the Lyman f profiles
from Warren et al, [1998] could be scaled, both in intensity
and stretched for a wider profile, as a reasonable
approximation for the Lyman o profiles.

8. Conclusions

A composite Lyman o time series is formed wusing the
UARS SOLSTICE Lyman o measurements, AE-E and SME
measurements adjusted to be consistent with the reference
UARS measurements, and proxy meodel predictions to fill the
data gaps and to extend the time series back to 1947. This
Lyman o time series provides a continuous series between
1947 and 1999 without any data gaps for use in atmospheric
research and for studying solar irradiance variations at other
wavelengths. Our proxy models of the Lyman o irradiance
used three components, instead of just two components, in
order to predict the Lyman ¢ irradiance more accurately. On
the basis of the proxy model comparisons and uncertainties
for the proxies and the UARS SOLSTICE Lyman o
measurement, we estimate that these Lyman « irradiances have
a |- uncertainty of 10%. The amount of Lyman o variability
is found to be similar to earlier results [ie., Vidai-Madjar,
1977], but the magnitude of the Lyman o irradiance is ~70%
higher than the early results reviewed by Vidal-Madjar
[1977]. We attribute  this  discrepancy. to instrument
calibration differences.

In this report the differences between the AE-E, SME, and
UARS data are assumed to be primarily due to instrument
calibration differences to enable the combination of all three
measurements into a single time series spanning five solar
cycles.  We expect that intrinsic solar variability may
contribute secondary differences between the AE-E, SME, and
UARS measurements.  This cautionary note is especially
important in light of the differences seen between the Lyman
¢ irradiance and the proxy models, While most
chromospheric emissions show a simple linear relation to the
chromospheric Mg index, the Lyman ¢ irradiance, as well as
other transition region emissions, behaves differently. The
differences between the Mg proxy and Lyman ¢ irradiance are
caused primarily by the active network contribution being
more important for the Lyman o radiation than for the Mg
proxy. Our results indicate that the active network and plage
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variability is a factor of ~2 larger for transition region
emissions than for chromospheric or coronal emissions. The
available proxies are primarily chromospheric and coronal
emissions, whereas the Lyman o variability is manifested
more in the transition region. A transition region proxy is
therefore needed to improve the empirical proxy models of
solar irradiance, and this composite Lyman o time series
could serve as a proxy for other transition region emissions.
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