JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. D25, PAGES 29,939-29,956, DECEMBER 27, 1997

Detection and parameterization of variations in solar mid- and

near-ultraviolet radiation (200-400 nm)
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Abstract.

Nimbus 7 and Solar Stellar Irradiance Comparison Experiment (SOLSTICE)

spacecraft measurements of solar irradiance both exhibit variability at mid (200-300 nm)
and near (300—-400 nm) ultraviolet (UV) wavelengths that are attributable to the Sun’s
27-day solar rotation, even though instrument sensitivity drifts obscure longer-term, 11-
year cycle variations. Competing influences of dark sunspots and bright faculae are the
dominant causes of this rotational modulation. Parameterizations of these influences using
a newly developed UV sunspot darkening index and the Mg index facular proxy replicate
the rotational modulation detected in both the broadband Nimbus 7 filter data (275-360
nm and 300-410 nm) and in SOLSTICE 1-nm spectra from 200 to 400 nm. Assuming that
these rotational modulation influences scale linearly over the solar cycle, long-term
databases of sunspot and global facular proxies permit estimation of 11-year cycle
amplitudes of the mid- and near-UV solar spectrum, unmeasured at wavelengths longward
of 300 nm because of insufficient long-term repeatability (relative accuracy) of state-of-
the-art solar radiometers at these wavelengths. Reconstructions of UV irradiances
throughout the 11-year solar cycle indicate variabilities of 0.173 W/m? (1.1%) in the
integrated radiation from 200 to 300 nm and 0.24 W/m? (0.25%) in radiation from 300 to
400 nm. These two UV bands thus contribute about 13% and 18%, respectively, to the
1.34 W/m? (0.1%) total (spectrally integrated) radiative output solar cycle. The
parameterizations allow customization of UV irradiance time series for specific wavelength
bands required as inputs to general circulation model simulations of solar cycle forcing of
global climate change, and have practical implications regarding the long-term

repeatability required for future solar monitoring.

1. Introduction

Energy radiates from the Sun to the Earth over the entire
electromagnetic spectrum, powering the climate system and
creating the ozone layer. The flux of this energy, the amplitude
of its response to solar activity, and its impact on the Earth’s
environment depend strongly on wavelength. Reliable quanti-
fication of solar spectrum variability influences on the terres-
trial environment is necessary to properly deduce the magni-
tude of concurrent anthropogenic influences on surface
temperature and ozone concentrations [National Research
Council, 1994].

Establishing whether apparent statistical connections be-
tween solar variability and climate change [Labitzke and van-
Loon, 1993a, b; Lean and Rind, 1997)] are coincidental or at-
tributable to real solar-terrestrial processes requires
sophisticated simulations of the climatic response to radiative
output variatioris across the entire solar spectrum, over a wide
range of solar activity conditions [Haigh, 1994, 1996; Rind and
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Balachandran, 1995]. In this regard, knowledge of the mid- and
near-UV spectrum variability is important for understanding
global change issues related to both ozone depletion [Wuebbles
et al., 1991; Huang and Brasseur, 1993; Balachandran and Rind,
1995; Fleming et al., 1995; McCormack and Hood, 1996] and
surface warming [Pollack et al., 1979; J. Hansen, private com-
munication, 1996].

The Sun emits UV radiation from 200 to 400 nm with the
spectral distribution shown in the top panel of Figure 1 and a
flux of 111 W/m?, equal to 8% of its total radiative output at all
wavelengths of 1367 W/m>. A part of this UV energy is depos-
ited in the Earth’s atmosphere at altitudes shown in the bottom
panel of Figure 1: solar energy at wavelengths longer than 310
nm penetrates to the biosphere, while the troposphere and
stratosphere absorb radiation at 295-310 nm and 200-295 nm,
respectively. Variations in the solar mid- and near-UV radia-
tion thus have the potential to naturally change the Earth’s
atmosphere [Brasseur, 1993; Hood et al., 1993, Hood, 1997,
Chandra and McPeters, 1994; Jackman et al., 1996], possibly
impacting the Earth’s surface temperature indirectly via radi-
ative and dynamical coupling processes [Lacis et al., 1990; Rind
and Balachandran, 1995]. Furthermore, changes in the UV
energy that is absorbed in the middle atmosphere contribute
significantly to the variability of the Sun’s total (spectrally
integrated) irradiance. Simulations of Earth’s surface temper-
ature change arising from solar radiative forcing must account
for this diminishment of direct solar radiative forcing by ad-
justing total solar irradiance variability accordingly.

Limitations of present-day solar monitoring confine obser-
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Figure 1. (top) Solar spectrum from 200 to 500 nm, mea-

sured by SOLSTICE on UARS at wavelengths less than 415
nm, and by the solar spectrometer on ATLAS at longer wave-
lengths (G. Thuillier, private communication, 1995). Also
shown are the transmittances of Nimbus 7 filter channels 8 and
9. Wavelengths are identified for prominent spectral features
attributable to various absorbing and ionizing species in the
Sun’s atmosphere. (bottom) Unit optical depth for the absorp-
tion of the solar spectrum in the Earth’s atmosphere.

vational knowledge of the Sun’s radiative output variability to
the total radiation, dominated by the visible and near-infrared
(IR) spectrum, and UV radiation at wavelengths shorter than
about 250 nm, obtained respectively by broadband cavity radi-
ometers [Willson and Hudson, 1991; Hoyt et al., 1992; Lee et al.,
1995] and UV spectroradiometers with in-flight sensitivity
tracking [Rottman, 1988; Rottman et al., 1993; Brueckner et al.,
1993; London et al., 1993; Woods et al., 1993, 1996; Cebula et
al., 1996; Thuillier et al., 1997]. At wavelengths longward of
about 300 nm the nature and extent of variability in the solar
spectrum remains poorly known, limited by inadequate long-
term measurement repeatability to only a few highly uncertain
estimates [Heath, 1980; Hickey et al., 1982; Heath and
Schlesinger, 1986; Lean, 1989; Schiesinger and Cebula, 1992;
Rottman, 1995].

UV radiation at wavelengths from 250 to 400 nm is thought
to vary over the Sun’s 11-year cycle somewhat more than the
0.1% change in total radiation but less than the percentage
changes that occur at shorter UV wavelengths [Schlesinger and
Heath, 1988; Lean, 1991]. Analysis and interpretation of vari-
ations at both longer (total) and shorter UV wavelengths sug-
gests that solar activity also modulates the 200- to 400-nm solar
radiation through the competing influences of sunspots and
faculae (in both compact active regions and extended active
network) [Foukal and Lean, 1988; Livingston et al., 1988; Will-
son and Hudson, 1991; Lean et al., 1992; Cebula et al., 1992;
DeLand and Cebula, 1993; Frohlich, 1994], with the role of
sunspots increasing relative to faculae towards longer wave-
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lengths [Lean, 1991]. Figure 2 illustrates the continuous vari-
ations in bolometric (i.e., spectrally integrated) radiation from
sunspots and faculae throughout the 11-year cycle in response
to variable magnetic flux within the Sun’s atmosphere.
Whereas sunspot influences on total radiative output dominate
the shorter-term timescales of the Sun’s 27-day rotation, facu-
lae (associated with both active region plages and bright ex-
tended chromospheric network) control the 11-year total irra-
diance cycle. In contrast, at UV wavelengths below 200 nm,
variations in faculae (i.e., plage and network) alone account for
much of the observed variability over both the rotational and
11-year cycles [Lean, 1987; White et al., 1990; Chandra et al.,
1995].

Although both broadband and spectrally dispersing UV ra-
diometers have monitored the disk-integrated solar radiation
in the region 200-400 nm during the past few decades [Hickey
et al., 1982; Schlesinger and Heath, 1988; Rottman, 1988; Kyle et
al., 1993; Woods et al., 1996], significant instrumental effects
preclude determination of real solar variability directly from
the data at wavelengths longer than about 250 nm. Sensitivity
drifts associated with inconstant instrument temperature and
the aspect angle of the monitor relative to the Sun, and with
exposure to solar radiation, limit long-term measurement re-
peatability to, at best, the =1% relative accuracy goal of
present state-of-the-art solar UV monitors [Rottman et al.,
1993; Brueckner et al., 1993; Woods et al.,1993,1996]. Analyses
of UV irradiance data for episodes of pronounced rotational
modulation indicate that the near-UV solar spectrum varies by
a few tenths of a percent [Hickey et al., 1982; London et al.,
1993; DeLand and Cebula, 1993; Rottman, 1995], which is a
factor of 5-10 smaller than the long-term repeatability of the
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Figure 2. Continuous alteration of (a) facular brightening
and (b) sunspot darkening by solar activity over both the
shorter 27-day timescale of the Sun’s rotation and the much
longer 11-year cycle. Dots denote the daily bolometric energy
variations associated with sunspot and facular modulation of
the Sun’s total radiative output at the energy levels shown on
the left ordinates. The solid lines indicate 81-day running
means of the daily data. The facular brightening is determined
from the Mg II index, and sunspot darkening is determined
from visible solar images using data archived at the NOAA
World Data Center. The units of these proxies are shown on
the right ordinates. Identified along the top of the figure are
the epochs of irradiance observations by solar monitors on
Nimbus 7, SME, and UARS.
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solar monitoring instruments. Scalings of the rotational mod-
ulation measured by the Solar Backscatter Ultraviolet (SBUV)
instrument on Nimbus 7 with a facular proxy suggest solar
cycle amplitudes of 0.85% for radiation in the wavelength band
200-300 nm, and 0.09% for 300- to 400-nm radiation [Lean,
1989]. Spectral irradiance changes in 1-nm bands may be neg-
ligible at some near UV wavelengths and as much as 1% in the
cores of Fraunhofer lines [DeLand and Cebula, 1993].

This paper utilizes a newly developed index of UV sunspot
darkening together with the Mg index facular proxy to detect
solar-related variations in spacecraft observations of the mid-
and near-UV solar radiation, the latter being a region of the
Sun’s spectrum whose variations are poorly known. Following
the removal of long-term trends to eliminate instrumental
drifts, multifunctional fittings of the irradiance time series with
similarly detrended sunspot and facular proxies provide nu-
merical parameterizations of these influences, and their wave-
length dependencies. Assuming that the relationships among
the proxies and the irradiance evident during solar rotational
modulation persists over the solar cycle, long term sunspot and
facular proxy records then permit the reconstruction of the
11-year cycle modulation of mid- and near-UV solar radiation,
which insufficient measurement repeatability precludes by di-
rect observation at wavelengths longer than 300 nm.

2. Proxies for Sunspot Darkening and Facular
Brightening

On any given day, both sunspots and faculae (accompanied
by their chromospheric counterparts, plages) are usually
present on the Sun’s disk. Depending on their areas, locations
and brightnesses relative to the background Sun, these features
alter the otherwise homogeneous distribution of the disk emis-
sion, causing a net energy change in radiative output. During
solar minimum conditions sunspots and faculae may be absent
entirely from the Sun’s disk for days at a time, whereas their
presence is commonplace at activity maximum. A variety of
spatially resolved and global solar observations made from the
ground and space provide data with which to construct proxy
representations of sunspot and faculae influences on global
solar radiative output, independently of the directly measured
irradiances. We develop formulations appropriate for sunspot
darkening and facular brightening in the wavelength range
200-400 nm in this section and utilize these formulations in
section 4 to parameterize UV irradiance variability.

2.1. UV Sunspot Darkening

Foukal [1981] and Frohlich et al. [1994] estimate the change
in radiation, AF(A)g, at wavelength A, attributable to a sun-
spot of area A4 relative to the background disk-integrated ra-
diation F(A), as

AF (M) _ SMAWDC[CS(/\) - ]]R(/\’ P«) 1
F(A) 2 M

where Awpe = A/(2mR3n) (provided in units of millionths
of the solar hemisphere by the National Oceanic and Atmo-
spheric Administration World Data Center) is the fraction of
the visible spherical hemisphere covered by the sunspot for
solar radius RN and the sunspot’s heliocentric location is
(cosine of position angle with respect to solar disk center). The
contrast of the sunspot, C¢(A) = Ig(A)/I()), is the ratio of
the mean specific intensity of the spot, I 4(A), relative to that of
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Figure 3. Variations in the emission of radiation from a
specified radial location on the Sun’s disk relative to that at
disk center for bolometric and UV radiation at wavelengths
from 280 to 400 nm (identified as lines a-¢) from.4/len [1981].
The thickest solid line (line ¢) corresponds to the limb varia-
tion at 320 nm, which is used to numerically calculate UV
sunspot darkening.

the background solar photosphere, 7(A). Equation (1) as-
sumes that Cg(A) is the same for sunspots at different posi-
tions on the solar disk (i.e., invariant with respect to u [Allen,
1981]). R(A, ) = I(A, w)/Io(A) is the center-to-limb vari-
ation of photospheric specific intensity 7(\, w) at heliocentric
position w relative to that at the center of the disk, /o(A).

For bolometric (i.e., spectrally integrated) radiation
RBOM(w) = (3u + 2)/5 [Foukal, 1981] and denoting S =
J F(X) dA, equation (1) reduces to

ASs  pBp +2)Aywpc(CE — 1)
== 5 2

Summing (2) over all sunspots present on the disk yields the
so-called bolometric sunspot blocking function PE°" [Foukal,
1981], also called the photometric sunspot index [Willson and
Hudson, 1991; Chapman et al., 1989; Frohlich, 1994], where
C3O% — 1 = —0.3235 [Allen, 1981]. Recent studies provide
empirical evidence for the dependence of sunspot contrast on
sunspot area, in the sense that larger sunspots are darker than
smaller sunspots. According to Brandt et al. [1994],

C§o% — 1 = —[0.2231 + 0.0244 log,o (Awpd]  (3)

Figure 2b shows bolometric energy changes attributable to the
net sunspot blocking from 1979 to 1995, obtained by summing
(2) and (3) over all sunspots on the disk, with S = 1367 W/m?.

At UV wavelengths, both the sunspot contrasts and the
center-to-limb variations differ from their bolometric counter-
parts. Figure 3 compares the bolometric quantity (3u + 5)2
with UV center-to-limb functions given by R(A, p) = 1 — u(A) —
o(A) + u(M)p + v(A)u?, where u and v are numerical
quantities that Allen [1981] provides for wavelength-dependent
determination of R(A, n). Allen [1981] also provides numer-
ical values for sunspot contrasts, denoted here as C4*-EN())
and shown in Figure 4. Lacking specific measurements of the
area dependence of sunspot contrasts at UV wavelengths, but
assuming that the bolometric area dependence also applies to
UV radiation, then
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Figure 4. Spot umbral (crosses) and penumbral (asterisks)
emissions ratioed to the background photosphere, from Allen
[1981]. Sunspots are dark relative to radiation from the back-
ground photosphere, with emission from the central umbra
reduced below that from the surrounding penumbra. Values of
the area-weighted mean residual contrasts of sunspots at dif-
ferent wavelengths (triangles) are used to calculate sunspot
darkening for the mid- and near-UV spectrum. For compari-
son, the bolometric sunspot contrast is also shown (dotted
lines).

[C$HN () — 1]
0.3235

-[0.2231 + 0.0244 logyy (Awpc)] 4

Cs\) — 1=

where the ratio [C£MFN()) — 1]/0.3235 simply renormalizes
the sunspot contrast from bolometric to UV levels. Figure 5
compares bolometric and UV sunspot darkening at 320 nm
where, as in Figure 2, P5°" is determined by summing (2) and
(3) over all spots on the disk, while P32 is determined anal-
ogously by evaluating equations (1) and (4) at 320 nm with
R(p) = 0.09 + 0.88u + 0.03pu% and C5 — 1 = —0.464/
0.3235[0.2231 + 0.0244 log,, (Awpc)]- The bolometric
and UV sunspot darkening functions are highly correlated,
having correlation coefficients greater than 0.99 for all years.
This suggests that the differences in Figure 3 between the
bolometric and UV center-to-limb functions have minimal im-
pact on the temporal structure of sunspot blocking. Rather, the
wavelength-dependent sunspot contrast (Figure 4) is the pri-
mary cause of differences in Figure 5 between the bolometric
and UV sunspot blocking. Neglecting even smaller differences
seen in Figure 3 among the UV center-to-limb functions, the
subsequent analysis utilizes P3>° in lieu of evaluating the sun-
spot blocking with wavelength-dependent center-to-limb func-
tions. Thus, from (1) and (4),

Su()A CHUEN()) — 1
PY(A, 1) = E w(r) 2WDC(t) [Cs 0.3(235 ]

-[0.2231 + 0.0244 log (Awpc(1))]
-[0.09 + 0.88u(¢) + 0.03u(2)?]

e - 1]
B 0.464

X P3(t) ©®)

2.2. UV Facular Brightening

In principle, an approach analogous to equation (1) can
estimate the change in radiation, AF()) g, attributable to facu-
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lae on the solar disk [Foukal, 1981]. However, the uncertainties
are much larger because observational determination of facu-
lar areas and contrast are significantly less reliable than for
sunspots. Compared with the compact sunspots, faculae are
more dispersed on the solar disk and have much lower bolo-
metric contrasts (a few versus 30%). Some studies have devel-
oped facular brightening functions for prominent active re-
gions using Ca K solar images to identify these features by their
much brighter chromospheric surrogates, plages [ Visnak et al.,
1991; Steinegger et al., 1996]. Magnetic activity also produces
smaller faculae within the network of enhanced emission that
covers the entire solar disk; these smaller faculae are indistin-
guishable from the network that composes the background
“quiet” photosphere [Harvey and White, 1996; Fouekal, 1996]. It
has proven extremely difficult to quantify properly the contri-
bution of “active network” faculae to irradiance modulation
[Foukal et al., 1991; Nishikawa, 1991; Lawrence et al.,1991]. As
a result, the direct specification of the global, disk-integrated
facular signal has yet to be adequately implemented into the
determination of solar radiative output changes.

Lacking direct determination of PZY from solar imagery,
certain full-disk indices can serve as proxies, denoted PR,
for the facular brightness component of solar irradiance vari-
ability. Previous studies at both longer (total) and shorter UV
wavelengths support the use of the Ca Il and Mg 11 indices and
the equivalent width (EW) of the He I 1083-nm line [Harvey
and Livingston, 1994]. The Ca and Mg indices are determined
as ratios of emission in the cores of these Fraunhofer lines to that
in the nearby continuum and hence are also known as core-to-
wing ratios [White and Livingston, 1981; Donnelly, 1988a; White
et al., 1990, DeLand and Cebula, 1993; deToma et al., 1997].
After removing the sunspot darkening P& from measured
total solar irradiance §, the residuals Sgpg = S(1 — PE°Y)
closely track the He EW, CaII, and Mg II indices [Foukal and
Lean, 1988; Livingston et al., 1988]. Linear regression then
yields a conversion from the facular proxy to energy units of
the total irradiance brightening component. The facular
brightening variations shown in Figure 2 were deduced in this
way using the measurements of § made by the Active Cavity
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Figure 5. Comparison of sunspot blocking calculations for
bolometric and UV radiation at 320 nm during 1982. The
overall sunspot darkening is greater at UV wavelengths (solid
line) than for bolometric radiation (dashed lines) because sun-
spot contrast is somewhat larger, as is shown in Figure 4. On
the scale of this figure, differences attributable to the different
UV center-to-limb variations shown in Figure 3 are negligible.
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Radiometer Irradiance Monitor (ACRIM I) on the Solar Max-
imum Mission (SMM) spacecraft from 1980 to 1989, and the
Mg II index for PEROX over the same time period.

Independent studies indicate that UV irradiance rotational
modulation at wavelengths shortward of 200 nm, where sun-
spot effects are minimal, also correlate well with both the Mg
index and He EW facular proxies [Donnelly, 1988b; White et al.,
1990; Chandra et al., 1995], although underpredicting some-
what the variance near 13 days relative to that at 27 days in the
mid-UV spectrum [Donnelly and Puga, 1990]. Recent analysis
of the short- and long-term irradiance changes measured by
solar UV monitoring instruments on the Upper Atmosphere
Research Satellite (UARS) suggests that the scaling of rota-
tional and solar cycle modulation is equivalent for most of the
far-UV spectrum at wavelengths from 130 to 200 nm [Chandra
et al., 1995]. However, the UARS data also indicate that this
simple assumption of equivalence of rotational and cyclic proxy
scalings may not be valid for the Lyman « irradiance at 121 nm
[Chandra et al., 1995; Woods and Rottman, 1997], and ques-
tions exist about its validity for certain other emission lines in
the far-UV spectrum. Despite some limitations of their appli-
cability for solar irradiance variability, especially over shorter
timescales, the Mg II core-to-wing index and the He I EW
remain the most suitable global facular proxies for analysis to
deduce longer-timescale variations. Chosen for our subsequent
analysis of the mid- and near-UV solar spectrum from 200 to
400 nm is the Mg II core-to-wing index produced by the
NOAA Space Environment Laboratory. Using the He EW
yields essentially equivalent results.

3. Detection of Mid- and Near-UV
Irradiance Variations

3.1. Nimbus 7 ERB UV Filter Channels

From November 1978 until the end of 1992, filter thermopile
detectors onboard the Nimbus 7 spacecraft monitored the
Sun’s UV radiation in two broad bands: 275-360 nm and 300-
410 nm. Figure 1 shows the passbands of the two Nimbus 7 UV
filters determined prior to launch and denoted filter channels
9 and 8, respectively, of the Earth Radiation Budget (ERB)
instrument [Hickey et al., 1982; Kyle et al., 1993]. Tests of spare
Nimbus 7 ERB components flown on the Long Duration Ex-
posure Facility (LDEF) indicate that small wavelength-
dependent changes may occur in the effective filter passbands
in orbit [Hickey, 1991] but quantitative information is unavail-
able for the flight filters.

Evidence for real solar variations is not readily apparent in
the raw data from the UV channels, shown in their entirety in
Figure 6a and 6b, along with their changing thermal and aspect
environments (Figure 6¢ and 6d), and with greater clarity in
Figure 7 during 1982 and 1990. Significant trends in the filter
radiometer signals (of the order of 5% in channel 9 and 50%
in channel 8) are evident over timescales of years and are
associated primarily with the modification by high-energy solar
radiation and atomic oxygen of the transmissivity of the radi-
ometers’ outer Suprasil W windows [Predmore et al., 1982;
Hickey, 1991]. That the spectral filter of channel 8 contained
lead, whereas that of channel 9 did not, may explain their
significantly different long-term degradations; the develop-
ment of pinholes in the filters is also speculated as a cause of
these differences [Kyle et al., 1993]. Temperature drifts cause
primarily day-to-day changes, and field-of-view drifts have ef-
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Figure 6. Signals recorded by (a) filter channel 8 and (b)
filter channel 9 of the ERB experiment on board the Nimbus
7 spacecraft, and (c) the temperature and (d) the aspect angle
of the ERB instrument during flight. The filter channel signals
are converted to units of irradiance (W/m?) on the basis of
prelaunch calibrations.

fects on timescales of weeks. Temperature and field-of-view
fluctuations both affect the raw filter signals at levels of a few
tenths of a percent. These instrumental changes are compara-
ble to the changes expected from the Sun’s 27-day rotation
and, for detection of real solar variability, must be removed
from the raw data.

Day-to-day temperature fluctuations from 19° to 22°C (e.g.,
Figure 7¢) affect the Nimbus 7 measurements. Scatterplots in
Figure 8a and 8c of filter channel 9 and 8 signals and their
temperatures, following subtraction of 3-day running means,
indicate signal temperature sensitivities of 0.05 W/m? per 2°C
(equivalent to 0.08% of the signal) for channel 9 and —0.027
W/m? per 2°C for channel 8. Linear regressions of the data in
Figure 8 permit normalization of the filter channel signals to a
mean temperature of 20.75°C.

Aspect angle changes occur over timescales of weeks and
months, somewhat longer than the day-to-day temperature
fluctuations, and also alter the Nimbus 7 filter channel signals.
These effects are evaluated after the temperature normaliza-
tion. Figures 8b and 8d are scatterplots of the temperature-
corrected signals versus aspect following subtraction of 11-day
running means from both. Linear relationships determined
from the data allow removal of aspect effects from the filter
channel signals, normalizing to the mean aspect angle of 2°.
Note that channel 9 is significantly more sensitive to aspect (0.2
W/m?, or 0.15% of the signal, per 1° of aspect) than is channel
8 (—0.005 W/m? per 1° of aspect), and this is evident in the
larger short-term fluctuations of the raw data in Figure 6. This
difference in aspect sensitivity of the two channels is likely
attributable to differences in the cosine response of their re-
spective filters.

Long-term sensitivity drifts of the order of a few percent in
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Figure 7. Raw Nimbus 7 filter channel 9 signals during (a) 1982 and (b) 1990, taken from the data in Figure
6, with (c, d) corresponding temperature changes and (e, f) the aspect variations, also from Figure 6, and (g,
h) residual variations following correction of the raw signals for temperature and aspect sensitivities and

removal of overall long-term sensitivity drifts.

channel 9 and factors of 2 in channel 8§ dominate the Nimbus
7 filter channel signals after correction for instrument temper-
ature and aspect. Subtracting 35-day running mean values de-
trends the UV filter channel signals, revealing the residual
variations shown in Figures 7g and 7h. Since this detrending
removes long-term trends attributable to either or both instru-
mental sensitivity and solar activity, the corrected signals re-
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flect only the influences of short- and intermediate-term solar
variability, arising from predominantly rotational modulation,
that are in reality superimposed on longer-term solar cycle
changes.

Figure 9 illustrates that following adjustment for their re-
spective temperature, aspect, and long-term sensitivity
changes, the corrected Nimbus 7 filter channel 8 and 9 signals

Aspect Sensitivity
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Figure 8. Linear relationships of the Nimbus 7 filter channels with temperature and aspect, accomplished
with scatterplots of signal and temperature differences relative to 3-day running means, for channel 9 (Figure
8a) and for channel 8 (Figure 8c). Following the application of the temperature corrections, scatterplots of the
signal and aspect differences relative to 11-day means provide the aspect calibration for channel 9 (Figure 8b)

and channel 8 (Figure 8d).
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Figure 9. Comparison of corrected Nimbus 7 filter channel signals with sunspot and facular proxies. After
correction for temperature, aspect, and long-term sensitivity drifts, the channel 8 (open squares) and channel
9 (asterisks) signals indicate very similar variations, as evidenced by their data during (a) 1982 and (b) 1990.
Comparisons of the simultaneous variations recorded by both filter radiometers (after correction for temper-
ature, aspect and trends) with (c, d) facular brightening and (e, f) sunspot darkening demonstrate clear
evidence for the presence of real solar variability in the filter radiometer data. The long-dashed horizontal
lines in Figures 9a and 9b indicate the mean level of the corrected signal relative to which the short-term

variations are shown. The short-dashed vertical lines

identify episodes of sunspot darkening and facular

brightening to demonstrate the concurrent signal changes of the order of a few tenths of a percent relative to
the mean signal level associated with these solar effects.

track each other very closely, with correlation coefficients of
0.85 in both 1982 and 1990 (i.e., the data in Figures 9a and 9d).
This close agreement of the variability evident in the two cor-
rected UV filter channel signals is achieved only after remov-
ing aspect, temperature and long-term drifts of quite different
magnitudes (Figure 8).

Comparison in Figure 9 of the corrected filter channel sig-
nals with sunspot and facular proxies supports the contention
that these data exhibit real solar variability. The four thin
dashed lines in Figure 9 identify specific examples of such
episodes. Prominent facular brightening in June-July 1982 (at
82.6 in Figure 9) is associated with an increase of about 0.13
W/m? (or 0.2%) in the channel 9 corrected signal relative to its
mean value of 64.47 W/m? In contrast, during March 1982
(82.2 in Figure 9) a decrease of 0.15 W/m? (0.3%) occurs at a
time of pronounced sunspot darkening. Likewise, signal mod-
ulations of =0.1 to 0.2 W/m? occur in 1990 associated with
facular enhancement (e.g., at 90.31) and sunspot darkening
(e.g., at 90.65).

3.2. UARS SOLSTICE

Launched in September 1991 on board UARS, the Solar-
Stellar Irradiance Comparison Experiment (SOLSTICE) is
presently monitoring solar UV spectral radiation at wave-
lengths from 115 to 415 nm [Rottman et al., 1993; London et al.,
1993; Woods et al., 1993]. While the SOLSTICE raw signals are
sensitive to a myriad of environmental influences including
instrument solar pointing and spacecraft temperature, exten-
sive preflight and in-flight radiometric characterizations enable

detailed evaluation of these effects and their removal from the
data. Regular observations of an ensemble of bright UV stars
provide in-flight, end-to-end tracking of SOLSTICE’s radio-
metric sensitivity with a long-term repeatability goal of +1%.
The SOLSTICE spectra archived on a 1-nm grid in the God-
dard Space Flight Center Distributed Active Archive Center
(DAAC) (data version 8) have all presently known instrumen-
tal effects removed (although work continues to further refine
the data) [Woods et al., 1996]. In these data, day-to-day (i.e.,
shorter term) repeatability approaches at times the level of a
few tenths of a percent typical of the UV irradiance variations
detected in the Nimbus 7 filter channel data (Figure 9).

Nevertheless, examples of SOLSTICE signal variations at
selected UV wavelengths shown in Figure 10 indicate that
signal drifts probably obscure real solar variability at the long-
est UV wavelengths, other than during a few selected episodes
of large sunspot influence [Rottman, 1995]. The SOLSTICE
data can provide only an upper limit of about +1% for the
variability of solar radiation at wavelengths longer than 300
nm. For this reason, in the following analyses, long-term trends
are removed from the SOLSTICE data, as per the Nimbus 7
data, in order to isolate real short- and intermediate-term solar
variations from long-term changes, whether arising from solar
variability or changes in instrumental sensitivity.

Linear correlation coefficients in Figure 11 of SOLSTICE
daily spectra in 1-nm bins with the Mg II index facular proxy
(after detrending both data sets by removing 35-day running
means) are high (~0.85) for wavelengths near 200 nm, reflect-
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Figure 10. Shown are records of UV radiation from late
1991 to mid 1994 (years of generally decreasing solar activity,
as indicated in Figure 2) determined by summing the measured
SOLSTICE version 8 daily 1-nm spectra into 50-nm bins from
(a) 200 to 250 nm, (b) 250 to 300 nm, (c) 300 to 350 nm, and
(d) 350 to 400 nm.

ing predominantly facular/plage modulation of this radiation.
However, the facular proxy alone explains little of the variance
in the near UV spectrum from 300 to 400 nm, where correla-
tion coefficients are typically in the range *0.1. In contrast, the
multiple correlation coefficient between the SOLSTICE daily

spectra and facular and sunspot proxies together is notably
larger in the wavelength region from 300 to 400 nm, suggesting
the presence of real sunspot-related solar variability in the
SOLSTICE data, albeit at approximately the noise level.

4. Parameterizations of UV Irradiance
Variability Using Sunspot and Facular Proxies

The detection of solar variability signatures in both the Nim-
bus 7 and SOLSTICE data associated with sunspot darkening
and facular brightening suggests that parameterizations can be
developed to quantify the variability amplitudes in response to
solar activity and thus to numerically reconstruct mid- and
near-UV spectrum variations over longer timescales using the
proxy data. With this goal, two separate approaches are em-
ployed. First, the Nimbus 7 and SOLSTICE UV irradiance
data are modeled statistically with a combination of sunspot
darkening and facular brightening proxy functions, using mul-
tiple linear regression to establish their relative amplitudes at
different wavelengths. An alternate approach removes the cal-
culated UV sunspot blocking from the irradiance data at each
wavelength and then correlates the residuals with the Mg index
facular proxy. This second approach mimics the technique
employed in studies of total irradiance variations [Foukal and
Lean, 1988].

4.1.

A time series F(A, t) of UV irradiance at wavelength A,
whose modulations are assumed to arise from sunspot dark-
ening proportional to P3*°(t) (equation (5)), and facular
brightening, represented by PERO%(¢) (taken as the Mg II
index), is modeled according to

F(A t) =a(h) + b()\)P,’;ROX(t) + C(/\)ngzo(t)

Multiple Regression Analysis

(6)

using multiple linear least squares regression to determine the
coefficients a(A), b(A), and c(A).
In the case of each Nimbus 7 filter channel, F(A, t) is the

1_0 i T 1 T T | I I I T ' 1T T 1 l I T T I
. SOLSTICE V0008 vs. 1<
0.8F total irradionce
- it ~= Mg Index facular proxy { vs Mg & Pg
2 [ —— Mg, Index facular prox = 0.88
£ 06 &gUV sunspot dorﬁen%g—
S [
c 0.4 C
.0 L
§ L
v 0.21
8 X \t/gtc;/llgirrodiance
0.0 [ detrended data
| Sept 91-Sept 94 ] =-0.13
L le——ro
0200 0 v v b v v by by
200 250 300 350 400

Wavelength (nm)

Figure 11. Correlation coefficients determined by

linear regression of detrended SOLSTICE spectta in

1-nm bins with the detrended Mg II index facular proxy (thin line with asterisks) compared with correlation
coefficients determined by multiple regression using detrended Mg II facular and sunspot darkening proxies
(solid line). Including the sunspot darkening increases the cortelation coefficients significantly at wavelengths
longward of 300 nm, providing evidence for signatures of sunspot influences in the SOLSTICE 1-nm spectra.
Also indicated by the arrows on the right-hand side are the correlation coefficients for total solar irradiance

and the corresponding proxies.



LEAN ET AL.: SOLAR IRRADIANCE VARIABILITY AT 200-400 NM 29,947
SN S L A B
64.6 Q) Solar Irradiance
~ 645
S
B
64.4
64.3F . -—;I—-I r;l:r;(l;u?“ Zd'e]i:ter chonrl\el 9
0.2E¢) Variability Components | d) Variability Components
Faculae
...l...l..}.l...l... P U S ST ST N TR NN R S 1
82.0 82.2 824 826 828 830 900 902 90.4 90.6 90.8 91.0
YEAR YEAR
Figure 12. Corrected Nimbus 7 filter channel 9 signals (thin lines with asterisks) compared with reconstruc-
tions of the signals using sunspot and facular proxies in (a) 1982 and (b) 1990, with (c, d) the relative energy
contributions by sunspot darkening and facular brightening that best match the variations present in the
corrected signals. Two approaches (multiple regression of the corrected signals with detrended sunspot and
facular proxies, and sunspot subtraction from the corrected signals followed by linear regression of the
residual with the detrended facular proxy) were used to determine the relative sunspot and facular contri-
butions, and the thickness of the solid line reflects the differences (which are minor) between these two
approaches.
total signal within the filter passband, corrected for aspect, 2.11 T T T
. . a) 200-250 nm -~ SOLSTICE dato
temperature and long term drifts by subtraction of a 35-day « 209k — proxy model |
running mean, and ratioed to the data mean value. Figures 7g E ’
and 7h provide examples of the Nimbus filter channel signals = 207 .
corrected for aspect, temperature, and long-term drifts in this 2.05 ) . . )
way. For the SOLSTICE data, F(A, t) is the irradiance in 1-nm
bins on a 0.5-nm grid from 200 to 400 nm (i.e., a total of 200 1340 [ Y 5 80-300 am i T
individual time series) likewise detrended by subtracting 35- ~ 13351 1
day running means and ratioing to the mean of the time series. E 13.30 A
Since the Nimbus 7 and SOLSTICE data have had long-term = 13.25 \’ \ 1
trends removed to avoid the confusion of real solar variability 13.20 . . . .
with instrumental sensitivity changes, long-term trends are sim- .
ilarly removed from both P32° and PERO* prior to performing 412517 360-350 nm
the linear regressions. Consequently, the coefficients, a(A), e 4115
b(\), and c¢(A), deduced from the detrended solar data quan- > 21.05
tify variations only on short to intermediate timescales. '

Figure 12 compares data from the two Nimbus 7 UV filter 40.95 aa . . L
channels with the reconstructions deduced from multiple re- 55.0 . . —r .
gression analysis (equation (6)). Correlation coefficients for 54,9k 9) 3507400 am _
the detrended channel 9 corrected signals and the proxy re- N& 54.8
constructions are 0.77 in 1982 and 0.72 in 1990. Figure 13 =
compares the SOLSTICE variations in broad wavelength 21‘2 . B |
bands with their proxy reconstructions, determined from (6) ’ 920 921 9 2 " 92? 9.4
separately for each 1-nm bin then integrated over the specified ' TYEAR ' )
50-nm wavelength bands. Correlation coefficients for the de- . . .
trended SOLSTICE measurements shown in Figure 13 (176 Figure 13. Irradiance reconstructions by a proxy facular/

days from November 1991 to May 1992) and their proxy re-
constructions are 0.91, 0.55, 0.55, and 0.51 for the bands 200—
250, 250-300, 300-350, and 350-400 nm, respectively. The
decrease in correlation coefficient tracks the decrease in solar
irradiance variability amplitude with increasing wavelength.
Whereas rotational modulation of amplitude near 2% is evi-

sunspot model (solid lines) compared with measurements of
UV irradiance variations (thin lines with asterisks) obtained by
summing the detrended SOLSTICE 1-nm spectra over the
wavelength ranges (a) 200-250 nm, (b) 250—300 nm), (c) 300—
350 nm and (d) 350-400 nm. The proxy reconstructions shown
are determined analogously to the Nimbus 7 reconstructions in
Figures 12a and 12b.
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Figure 14. After removing the fully specified sunspot darkening contribution to the corrected Nimbus 7
filter channel signals, linear regressions of the residual variations with the residuals of the Mg II index facular
proxy after detrending establish quantitatively the facular-related components in the data. Shown are scatter
plots and correlation coefficients for Nimbus 7 filter channels (a) 9 and (b) 8 versus the proxy. Each plotted

point is the average of 5 individual days.

dent in Figure 13 in the 200- to 250-nm band, the 250- to
300-nm band varies by 0.4%, and the 300- to 350-nm and 350-
to 400-nm bands varies by about 0.2%. Since the UV spectrum
variations detected at wavelengths longer than 250 nm are only
of the order of SOLSTICE’s short-term repeatability, instru-
mental effects dominate the variance in these data and reduce
the correlation with the proxy parameterizations.

4.2. Sunspot Subtraction Approach

Because the sunspot and facular proxies are themselves cor-
related (correlation coefficient of 0.69 for 4295 daily observa-
tions from November 1978 to December 1994, in Figure 2),
there is a potential for ambiguity in apportioning variance in
the measured UV irradiances to sunspot and facular sources by
multivariate regression. An alternative approach is to remove
from the measured irradiances both the background irradiance
and the directly specified sunspot darkening, then correlate the
residual irradiances with a facular proxy. For a UV irradiance
time series at a given wavelength, bivariate linear regression
determines the coefficients j(A) and k(A) such that

F(X, )RES = F(X, 1) = Fav(A) = Fay(AN) PSV(A, 1)

=j(A) + k(A) PEROX(1) (7)

where F ,y/(A) is the mean level of the detrended irradiance,
i.e., the background irradiance on which the short-term sun-
spot and facular perturbations occur.

Essential for the sunspot subtraction approach are absolute
values of the sunspot darkening at all wavelengths and at all
times of interest. In order to remove sunspot modulation of the
Nimbus 7 filter data, effective sunspot contrasts CEFF are eval-
uated for each filter using the filter transmittance T((A) and the
average solar spectral irradiance F ,,(X) (both shown in Figure
1), as

f [C?LLEN()\) - 1]FAV()\)T(/\) dA
CEFF _ { =

(8)
j Fav(M)T(A) dA
where the integration occurs over all wavelengths for which

T()) is nonzero. The results of evaluating (8) are CEFF — 1 =
—0.47 for channel 9 and CFFF — 1 = —0.45 for channel 8.

Figure 14 shows scatterplots of F (¢)®ES and PERO>* for the two
Nimbus 7 filter channels; linear regressions of these data yield
values of j and k that allow reconstruction of the irradiance
from the proxies via (7). Similarly, linear regressions of the
SOLSTICE residuals with the Mg index facular proxy yield
values of j(A) and k(\) for successive 1-nm bins from 200 to
400 nm. Figure 15 illustrates the regression for two such 1-nm
bins. The irradiance residual in the 250.5-nm bin correlates
strongly with the Mg index (correlation coefficient of 0.72),
whereas for the 1-nm bin centered on 350.5 nm the correlation
is much less (correlation coefficient of 0.13), signifying much
weaker facular dependence at this wavelength.

For both the Nimbus 7 filter channels and the SOLSTICE
spectra, the irradiances reconstructed from the sunspot sub-
traction approach agree well with independently reconstructed
irradiances deduced from multiple regression fitting of sunspot
and facular proxies. In the comparisons of the measured and
reconstructed irradiances for the Nimbus and SOLSTICE data
shown in Figures 12 and 13, respectively, the thickness of the
solid line denoting the proxy model provides an indication of
the range of values given by the two different reconstruction
approaches. In all cases the differences between the two ap-
proaches is notably less than the differences between the proxy
reconstructions and the data. As was discussed in section 4.1,
measured and reconstructed irradiances agree better at the
shorter mid-UV wavelengths, which vary by a few percent, than
at longer near-UV wavelengths, whose variations of a few
tenths percent are comparable to the short-term measurement
repeatability.

S. Inferred 11-Year Cycle Amplitudes of Mid-
and Near-UV Solar Radiation

Sunspot and facular influences on solar UV radiation
change continuously throughout the 11-year solar cycle, as well
as during the shorter-term solar rotation. The Sun’s rotation
on its axis, once approximately every 27 days, modulates solar
irradiance by altering the earthward projection of inhomoge-
neously distributed radiation sources on its disk. Additional
modulation occurs over the 11-year cycle as sunspots and facu-
lae form, evolve, and decay in response to a net increase in the
overall amount of magnetic flux in the Sun’s atmosphere at
solar activity maximum relative to activity minimum.
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Figure 15. After removing sunspot darkening contributions to the detrended SOLSTICE 1 nm spectra,
linear regressions of the residual variations with the residuals of the Mg II index facular proxy after detrending
establish the spectrum of facular-related components on a 1 nm grid. Shown are scatter plots and correlation
coefficients for SOLSTICE wavelengths (a) 250.5 nm and (b) 350.5 nm versus the proxy. In Figure 15a,
changes in the 250.5-nm radiation exhibit a strong relationship with facular changes compared with the
negligible correlation in Figure 15b at 350.5 nm. Each plotted point is the average of 5 individual days.

5.1.

The parameterizations developed in the previous sections to
reconstruct solar UV irradiance variations over predominantly
rotational timescales permit estimation of solar cycle changes
attributable to sunspot and facular influences by utilizing the
longer-term proxy data sets that document these influences
over the 11-year cycle. This approach assumes that sunspots
and faculae modulate solar radiative output similarly over both
short and long timescales. In support of this assumption, the
same combination of bolometric sunspot darkening and a lin-
ear parameterization of the He EW facular proxy accounts for
much of the variability in the total radiative output (dominated
by radiation longward of 400 nm) recorded by the ACRIM
SMM over both solar rotation and the solar cycle [Foukal and
Lean, 1988; Lean, 1991; Lean et al., 1995a]. Likewise, Chandra
et al. [1995] demonstrate that the relationship between the Mg
II index facular proxy and the 200-nm irradiance measured
directly by SOLSTICE on UARS is similar whether deduced
from solar rotational modulation or from the overall longer-
term changes that occurred during the descending phase of
solar cycle 22. Both the bolometric and UV studies thus sug-
gest that the assumption of equivalent rotational and cyclic
proxy scaling factors is probably valid for the mid- and
near-UV spectrum but full verification requires additional
long-term solar monitoring with improved long-term repeat-
ability over longer time periods.

Figure 16 shows the variability during the past 17 years of
solar UV radiation in four 50-nm wavelength bins from 200 to
400 nm, reconstructed from sunspot and facular proxies using
the parameterizations deduced from multiple regression of the
SOLSTICE rotationally modulated 1-nm spectra. In Septem-
ber 1986, the month of lowest activity during the minimum
between solar cycles 21 and 22, (P¥") = 15.58 millionths of the
solar hemisphere and (PER9%) = 0.2635. The month of stron-
gest solar activity in solar cycle 22 is November 1989, for which
(PYYy = 1003.29 millionths of the solar hemisphere and
(PFPROXy = (.2834.

Table 1 provides numerical values for September 1986 and
November 1989 of the UV energy (as well as ratios and dif-

Reconstructions of Solar Cycle UV Irradiances
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Figure 16. Solar mid- and near-UV irradiance variations re-
constructed from 1979 to 1995 by using the sunspot darkening
and facular brightening parameterizations deduced by multiple
regression of the detrended SOLSTICE 1-nm spectra, summed
into wavelength bands (a) 200-250 nm, (b) 250-300 nm, (c)
300-350 nm) and (d) 350—400 nm, with (e) variations in total
radiative output, estimated from a proxy model of the SMM/
ACRIM 1 measurements from 1980 to 1989 [Lean et al.,
1995a], shown for comparison. According to the solar activity
proxies, minimum solar activity between solar cycles 21 and 22
occurred in September 1986, while November 1989 was the
month of maximum activity in solar cycle 22.
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Table 1.
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Solar UV Energy in Specified Wavelength Bands Averaged During September

1986 (Solar Minimum) and November 1989 (Solar Maximum)

Wavelength Percent of AS
Band, SEP86 NOV89 NOVS89 — SEP86, [NOVS89 — SEP86]/1.34
nm W/m? W/m? NOV8Y/SEP86 W/m? X 100
200-250 2.037 2.113 1.0369 0.075 5.6
250-300 13.251 13.348 1.0074 0.098 13
300-350 41.076 41.172 1.0023 0.096 72
350-400 54.737 54.881 1.0026 0.144 10.7
200-300 15.288 15.461 1.0113 0.173 12.9
300-400 95.813 96.053 1.0025 0.240 17.9
200-400 111.101 111.514 1.0037 0.413 30.8

Here SEP86 and NOV89 denote September 1986 (solar minimum) and November 1989 (solar maxi-
mum) average UV energy, respectively. Ratios and differences of these averages provide estimates of the
UV irradiance variability during the 11-year solar activity cycle. Note that the mean activity level during
September 1986 is slightly higher than the true “quiet” Sun realized on those days when all active regions
are absent from the disk entirely (the latter is used by Lean et al. [1995b] to signify true solar minimum
conditions). Also provided are the energies in the bands as fractions of the AS = 1.34 W/m? energy
change in total radiative output over the same period, estimated from a reconstruction of the SMM/

ACRIM I measurements [Lean et al., 1995a].

ferences of these values) divided into four 50-nm bins and two
100-nm bins and for the entire interval from 200 to 400 nm.
According to the estimates in Table 1, the entire solar UV
radiation from 200 to 400 nm increased 0.37% during the
recent solar cycle because the enhanced UV radiation from
faculae more than compensated the radiation deficit in sun-
spots. Radiation in the 200- to 250-nm band increased by 3.7%,
with smaller increases of 0.7% in the 250- to 300-nm band, and
0.23% and 0.26% in the 300- to 350-nm and 350- to 400-nm
bands, respectively.
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Whereas Figure 16 provides the detailed temporal fluctua-
tions of reconstructed solar UV radiation in four broad wave-
length bands arising from sunspot and facular influences over
the past few decades, Figure 17 shows the detailed wavelength
dependence (at 1-nm resolution) of the spectral changes from
cycle minimum (September 1986) to maximum (November
1989). Both the energy increases and the ratios of cycle max-
imum and minimum spectra have considerable spectral struc-
ture that corresponds closely with absorption and ionization
features in the actual solar irradiance. This matching of spec-
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Figure 17. (a) SOLSTICE solar spectral irradiance from 200 to 400 nm, in 1-nm bins. (b) Ratios of the
spectral irradiance in November 1989 (solar maximum levels) and September 1986 (solar minimum levels)
determined from the proxy irradiance model, giving estimates of the spectrum variations during the 11-year
solar activity cycle. The long dashed horizontal line indicates the long-term repeatability goal of the SOL-
STICE measurements. (c) Changes in spectral energy from maximum to minimum solar activity levels. The
dotted vertical lines and the corresponding arrows along the top panel identify the wavelengths and origins of

primary spectral features.
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Table 2. Comparison of Solar Cycle Irradiance Variations Determined From Independent Parameterizations of the Nimbus
7 and SOLSTICE Rotationally Modulated Data, Using Both Multiple Regression and the Sunspot Subtraction Approaches

Data

Analysis Technique

Change, %

Filter Channel 8
(300-410 nm)

Filter Channel 9
(275-360 nm)

Nimbus 7 corrected filter channel signals

SOLSTICE spectra convolved with filter transmittance

multiple regression analysis 0.24 0.18
sunspot subtraction approach 0.23 0.19
multiple regression analysis 0.26 0.21
sunspot subtraction approach 0.21 0.15
0.24 = 0.02 0.18 = 0.03

Mean = standard deviation

Percentage changes from the maximum to minimum of the 11-year solar cycle are determined as [NOV89/SEP86 — 1] X 100, where NOV89
is the average irradiance value for November 1989 (cycle 22 maximum activity) and SEP86 is the average irradiance value for September 1986
(cycle 21-22 activity minimum). To facilitate a direct comparison with the estimates derived from the Nimbus 7 broadband filter channels, the
SOLSTICE 1-nm spectra are convolved with the respective channel 9 and channel 8 filter transmittance functions, shown in Figure 1.

tral shapes among the three different panels in Figure 17 gives
confidence that the displayed spectral features are attributable
to real solar variability, rather than simply to noise arising from
uncertainties in the proxy parameterizations, traceable to in-
adequate short-term SOLSTICE measurement repeatability.

Marked irradiance increases and variability decreases occur
near the Al I ionization edge at 207.5 nm and the Mg I edge
near 251 nm. Radiation longward of these features emerges
from progressively lower layers of the Sun’s photosphere [Ver-
nazza et al., 1976]. Similarly, emissions in the cores of the
Fraunhofer absorption lines (whose wavelengths and species
are identified by arrows in Figure 1 and 17) emerge from
higher layers of the photosphere and chromosphere and vary
more than radiation at adjacent wavelengths, emitted as part of
the underlying blackbody continuum. In fact, the entire
near-UV spectrum from 300 to 400 nm is a complex mix of
continuum emission and absorption by predominantly Mg I,
Mg 11, Ca II, and Fe [Kuruz, 1992], and the variability ratios
reflect closely this complex structure, even at the modest 1-nm
resolution of the SOLSTICE data.

The reconstructed broadband UV irradiance time series in
Figure 16 and the 1-nm spectrum changes in Figure 17 were
determined from parameterizations deduced from multiple
linear regression of sunspot and facular proxies with the
SOLSTICE rotationally modulated irradiances (section 4.1).
Also provided in Figure 17 are the solar cycle spectrum
changes deduced by first subtracting the calculated sunspot
darkening from the SOLSTICE spectra (section 4.2). Both the
multiple regression and sunspot subtraction approaches yield
similar estimates of the spectral irradiance variations. As a
further metric of the uncertainties associated with the results
from the two different approaches, and with using SOLSTICE
versus Nimbus 7 data, Table 2 compares estimates of the solar
cycle percentage changes (from September 1986 to November
1989) deduced from the SOLSTICE 1-nm spectra and inde-
pendently from the two Nimbus 7 filter channels using both
approaches. To facilitate this comparison, the SOLSTICE
maximum and minimum spectra were convolved with the Nim-
bus 7 filter channel transmittance given in Figure 1, so that the
variations listed in Table 2 pertain specifically to the radiation
corresponding to the Nimbus 7 filter channels 9 (275-360 nm)
and 8 (300-410 nm). Consistent with the expectation of
smaller variability in longer wavelength radiation, all four ap-
proaches indicate less variability in the longer-wavelength filter
channel 8 (0.18%) than in filter channel 9 (0.24%). The data in
Table 2 indicate that for each of the two filter channels, results

from the multiple regression analysis of the SOLSTICE spec-
tra are consistent with the mean of the four estimates, validat-
ing their use in Figures 16 and 17. The standard deviations of
the four different determinations (two separate approaches for
each of the Nimbus 7 and SOLSTICE observations) are 8% for
channel 9 and 17% for channel 8, which provide a semiquan-
titative measure of the range of uncertainties likely associated
with the variability ratios in Table 1.

At wavelengths less than 300 nm, where facular influences
dominate emission variability, there is very good agreement
between the solar cycle spectral irradiance changes deduced
from the sunspot and facular parameterizations shown in Fig-
ure 17 and solar cycle irradiance changes based on composite
Mg index scaling factors deduced independently from SBUV
data (i.e., from parameterizations using a facular proxy alone)
[DeLand and Cebula, 1993, 1997)]. Figure 18 illustrates this
agreement. However, our multiple regression parameteriza-
tion predicts larger variations in the near UV spectrum from
300 to 400 nm than does the DeLand and Cebula facular
scaling. Whereas our results indicate that the entire mid and
UV spectral irradiance increases from solar cycle minimum to
maximum, the DeLand and Cebula analysis is consistent,
within their error bars, with no solar cycle change in radiation
from 290 to 400 nm except in the cores of the Ca II H and K
lines. Their lack of inclusion of sunspot influences is the reason
for this discrepancy. Interestingly, both solar cycle estimates
shown in Figure 18 do exhibit similar spectral details throughout
the entire mid- and near-UV spectrum, indicating the potential
for the detection of real mid-UV variability in the SBUV data.

At wavelengths longward of about 250 nm, exclusive of the
cores of some Fraunhofer lines, the solar cycle variations in-
dicated in Figure 17 are of the order of, or less than, the 1%
long-term repeatability of state-of-the-art solar UV monitors
and thus cannot be validated by direct observations. With this
caveat, Figure 19 compares reconstructed irradiances with di-
rect observations during the past 2 decades. In the 200- to
250-nm band, for which the solar cycle amplitude is estimated
to be 3.7%, the reconstructed irradiances overestimate slightly
the variability measured by SOLSTICE but underestimate the
variability measured concurrently by the Solar Ultraviolet
Spectral Irradiance Monitor (SUSIM), also on UARS. Varia-
tions reconstructed in the three longer-wavelength bands show
considerably less variability than do the observations, among
which there are significant discrepancies, presumably of instru-
mental origin. However, SOLSTICE observations in the 300-
to 350-nm band, for which short-term noise is less than in the
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Figure 18. Estimates of mid- and near-UV solar spectral irradiance change from the minimum (September
1986) to the maximum (November 1989) of the solar activity cycle. The solid line indicates the estimates
determined from the facular and sunspot multiple regression analysis, shown in Figure 17, and the diamonds
connected by the thin line are deduced independently by scaling the rotational modulation measured by the
Solar Backscatter Ultraviolet experiments with the Mg II index facular index, alone, determined from the

NOAA 9 data [DeLand and Cebula, 1993, 1997].

two adjoining bands, show surprisingly good agreement with
the reconstructed irradiance. This suggests that refinement of
long-term trends in SOLSTICE data may yield improved
agreement between the measured and reconstructed irradi-
ances in other wavelengths bands as well. An effort is presently
under way to revise the algorithm that defines the SOLSTICE
stellar pointing with the goal of increasing the repeatability of
mid- and near-UV irradiances.

5.2. Comparison of UV and Total Irradiance Variabilities

Reconstruction of the 200- to 400-nm UV radiation deter-
mined from multiple regression of sunspot and facular proxies
with the SOLSTICE radiometry predicts an energy increase
from 111.1 W/m? at solar cycle minimum to 111.5 W/m? at
cycle maximum (Table 1). Although 111 W/m? is only 8% of
the Sun’s 1367 W/m? total radiative output, the energy change
of 0.41 W/m? in the entire 200- to 400-nm band accounts for
almost 31% of the 1.34 W/m? total irradiance cycle. The esti-
mated total radiative output change of 1.34 W/m? which, like
the UV energy change, is the increase from September 1986 to
November 1989, is based on a reconstruction of ACRIM I
observations from 1980 to 1989 using bolometric sunspot dark-
ening and the Mg II index (or the He EW) facular proxy,
following the approach of Foukal and Lean [1988, 1990], up-
dated by Lean et al. [1995a].

Of the UV radiation from 200 to 400 nm, the Earth’s atmo-
sphere absorbs essentially all that at wavelengths shortward of
310 nm (Figure 1). Figure 20 shows the estimated variations in
the solar energy longward of 310 nm that can reach the Earth’s
surface, determined by subtracting the total energy at 200-310
nm from the total radiative output, where each time series is
reconstructed from sunspot and facular components. Figure 20
also shows the solar cycle changes estimated to occur in the
UV energy from 200 to 310 nm relative to the total radiative
output. These variations demonstrate that the relationship be-
tween solar energy that is absorbed in the Earth’s atmosphere
and that penetrates to its surface is not constant. Rather, vari-
ations in this relationship occur because facular effects domi-
nate the shorter wavelength UV radiation whereas sunspots
contribute more significantly to modulation of the total radiation.

6. Discussion

Our new quantitative estimates of 11-year cycle variations in
the Sun’s 1-nm spectrum from 200 to 400 nm extend knowl-
edge of the Sun’s spectral irradiance variations to wavelengths

8.2%

W/m

7.5%

W/m?

—r— -

M T —T
¢) 300-350 nm

s (R A L
[ '

PROXY
MODEL

41.4
41.2
41.0
40.8
40.6
40.4

W/m?

L L 1 1

55.2
55.0
54.8

T T T
d) 350-400 nm

54.6 W‘ﬁ”

54.4
1 N 1

82 84 86 88 90 92 94

YEAR
Figure 19. Time series of solar UV irradiances reconstructed
from proxy sunspot-facular models (shown as the gray lines)
compared with available irradiance observations in broad
bands at (a) 200-250 nm, (b) 250-300 nm, (c) 300-350 nm,
and (d) 350-400 nm. The irradiance measurements were made
by the Solar Mesosphere Explorer (SME) [Rottman, 1988] in
solar cycle 21, with the absolute irradiance scale adjusted as
indicated, and by the SOLSTICE and SUSIM on UARS in
solar cycle 22 [Woods et al., 1996].
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longward of 300 nm by accounting for both sunspot and facular
influences where previously less robust analyses derived from
scalings of facular influences alone. Direct measurements of
long-term changes in most of the Sun’s spectrum are not pos-
sible using existing solar monitors, including the state-of-the-
art instruments on UARS. Cavity radiometers such as ACRIM
monitor the total (i.e., spectrally integrated) solar radiative
output with long-term repeatability of a few hundredths of a
percent but lack the sensitivity to reliably detect the much
smaller signals in wavelength bands of even broad width. Al-
though sufficiently sensitive, spectral irradiance monitors such
as SOLSTICE and SUSIM have long-term repeatabilities that
are poorer by a factor of 100 than ACRIM’s and exceed the
actual solar spectrum changes at all but UV wavelengths short-
ward of about 250 nm. Our parameterizations of the solar mid-
and near-UV spectrum variations, focusing on short to inter-
mediate rotational timescales to eliminate unspecified long-
term instrument sensitivity change, are made possible because
the short-term repeatability of the SOLSTICE measurements
approaches at times a few tenths of a percent, which is com-
parable to the irradiance modulation by solar rotation.

Conceptually, the solar cycle amplitudes of 1.1% and 0.25%
for mid-UV radiation from 200 to 300 nm and near-UV radi-
ation from 300 to 400 nm, respectively, are consistent with the
present broad understanding of solar spectrum variability de-
creasing in amplitude as wavelength increases from the UV to
the visible. Shorter wavelength mid-UV radiation varies more
than near-UV emission, and both UV bands vary more than
the 0.1% cycle in total radiative output, composed primarily of
longer wavelength radiation. Similarly, the temporal character
of the reconstructed irradiances conforms closely to indepen-
dent evidence for facular domination of shorter UV wave-
lengths, formed generally higher in the Sun’s photosphere, and
combined sunspot and facular influences on total radiative
output. Our reconstructions document the transition from
facular dominance to competing sunspot and faculae influ-
ences across the region 200 to 400 nm, which lies between the
UV and visible spectrum, and are consistent with independent
determination of the wavelength dependence of the sunspot
darkening.

Solar radiation variability exhibits significant spectral struc-
ture throughout the UV region, with a marked change in
character near 300 nm. Facular effects dominate the short-,
intermediate-, and long-term variations in the radiation from
200 to about 300 nm, whereas radiation from 300 to 400 nm
exhibits significant short-term sunspot-related depletions and
is thus more similar in character to total radiative output vari-
ations, although as for total radiative output, faculae control
the overall solar cycle modulation. This transition in temporal
structure near 300 nm mimics a transition of physical radiative
processes within the Sun’s atmosphere. Whereas opacity by H™
dominates longer wavelength radiation, multiple lines contrib-
ute to the opacity at shorter wavelengths. Consequently, radi-
ation from about 300 to 1000 nm emerges from approximately
similar heights within the Sun’s atmosphere, near that of unit
optical depth for 500-nm radiation, with brightness tempera-
tures near 6000 K, but shorter wavelength radiation in the
region 200-300 nm is formed at increasing cooler tempera-
tures and higher layers of the Sun’s photosphere [Vernazza et
al., 1976]. The mid- and near-UV radiation bands undergo
energy changes of 0.17 W/m? and 0.24 W/m? during the solar
cycle and contribute about 13% and 18%), respectively, to the
total radiative output variability.
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Figure 20. (a) Reconstruction of the Sun’s total irradiance
minus the UV radiation from 200-310 nm. Since the Earth’s
atmosphere absorbs UV radiation shorter than 310 nm, this
part of the solar spectrum is unavailable for direct heating of
the Earth’s surface. Removing the UV component of solar
radiation from the total irradiance thus provides a geophysical
quantity of different climatic relevance than total irradiance,
alone. (b) Ratios of the UV and total irradiances, indicating
that the relationship of these two quantities itself varies over
the solar cycle.

Distinct features in the reconstructed solar spectrum vari-
ability match closely features in the actual solar spectrum and
are related to absorption and ionization of atomic species
present in the Sun’s atmosphere. The cores of all the strong
Fraunhofer lines throughout the 300- to 400-nm spectrum vary
significantly more than does radiation from the wings of the
lines and the nearby underlying continuum. In some selected
wavelengths that approach true continuum emission (for ex-
ample, near 330, 373, and 379 nm), solar cycle variations are of
the order of 0.1% or less. Independent solar monitoring of
certain spectral features with much higher spectral resolution
indicates even greater emission variations in line cores. For
example, the core of the Ca II K line near 390 nm, seen in
Figure 17 to vary by about 1.5% over the 11-year solar cycle,
varies by 10 times more when monitored with 10 times higher
resolution [White et al., 1990]. This raises the possibility that
solar spectrum changes occur primarily in spectral lines, per-
haps at a greater level than a recent estimate of 20% [Ulrich
and Bertello, 1995].

Although direct solar monitoring cannot validate our long-
term variability estimates, comparison of our reconstructed
solar cycle changes with directly measured total radiative out-
put variations does provide some constraint on the magnitude
of UV irradiance variability. By our estimate, the 0.37% vari-
ation in the entire wavelength band from 200 to 400 nm con-
tributes almost one third of the total radiative output cycle.
Were the entire total irradiance change attributable to UV
radiation, alone, the variability amplitude of the 200- to
400-nm spectrum would thus be limited to 3 times its presently -
estimated value, i.e., to less than about 1%. However, Nimbus
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7 filter channels longward of 400 nm and recent Solar and
Heliospheric Observatory (SOHO) observations of visible and
near-IR radiation [Frohlich et al., 1997] provide strong evi-
dence for solar spectrum variability at wavelengths longward of
400 nm, thereby reducing further the 1% upper limit of the
200- to 400-nm irradiance variability amplitude. Preliminary
analysis suggests, for example, that the 698- to 2800-nm Nim-
bus 7 filter channel alone may account for about one third of
the total radiative output changes. In this context, improved
quantitative definition of the variability of the visible and in-
frared spectrum may well provide a tighter constraint on the
upper limit of the UV irradiance changes than can the direct
UARS observations with maximum *1% long-term repeat-
ability. The technique which we have used here, of modeling
observed rotationally modulated data using sunspot and facu-
lar proxies, is equally applicable to other spectral regions and
is being used to similarly interpret changes in Nimbus 7 filter
channels at visible and near-IR wavelengths, with the goal of
eventually determining spectral variability at all wavelengths.
Analysis of solar monitoring by the Variability of Solar Irradi-
ance and Gravity Oscillations (VIRGO) instrument on SOHO
[Frohlich et al., 1995, 1997] and the Global Ozone Monitoring
Experiment (GOME) [Weber et al., 1997; K. Chance, private
communication, 1996] will likewise contribute to better defini-
tion of visible and infrared spectral irradiance variations.

The capability of reconstructing solar spectrum changes in
any selected spectral region afforded by the newly developed
parameterizations provides a flexibility that may improve sim-
ulations of climate response to solar forcing. Our parameter-
izations enable the reconstruction of solar energy inputs in
wavelength bands tailored to reflect the relevant physical pro-
cesses. As an example, a newly developed coupled ocean at-
mosphere model is presently being used at the Goddard Insti-
tute of Space Studies to simulate the response of climate to
solar and other forcings during the last 15 years, using three
solar inputs: 200-295 nm (stratosphere), 295-315 nm (tropo-
sphere) and total radiative output, deduced from our sunspot
and facular parameterizations (J. Hansen, private communica-
tion, 1996). More generally, knowledge of the Sun’s spectral
irradiance variations at all wavelengths is a key requirement for
investigating the physical processes by which variable solar
radiation interacts with the Earth’s environment, thereby con-
tributing natural variability to the climate and atmosphere.
Our estimates extend this knowledge to 400 nm, but additional
effort is required to determine spectrum changes at longer
wavelengths still.

Accomplishing the needed long-term repeatability in future
solar monitoring will require improved or new types of solar
spectrum monitors with long-term repeatability better than
0.1%. One approach is to forgo higher spectral resolution for
radiometric stability using broadband devices analogous to the
Nimbus 7 filter channels. A new generation of space-hardened
transmittance filters can afford improved long-term stability of
broadband filter radiometers and multiple detectors can pro-
vide in-flight sensitivity tracking similar to the approach em-
ployed successfully by ACRIM. Also under consideration is
improvement of the in-flight sensitivity tracking using bright
blue stars and use of on-board standards. The parameteriza-
tions deduced here will be useful for comparisons with UARS
solar irradiance monitoring in the immediate future and mon-
itoring in the twenty-first century by the National Polar-
orbiting Operational Environmental Satellite System
(NPOESS) and the Earth Observing System (EOS). A partic-
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ular challenge will be to ascertain from future solar monitoring
the validity of the assumed equivalence of short- and long-term
scalings between proxies and irradiances on which these pa-
rameterizations are based.

7. Summary

Solar magnetic activity modulates the solar mid- and
near-UV radiation at wavelengths throughout the 200- to
400-nm spectrum. Sunspots and faculae are the prime causes
of this modulation, consistent with the known sources of both
longer- and shorter-wavelength solar irradiance variability. On
the basis of parameterizations of these effects detected over
predominantly rotational timescales, domination of faculae
brightening over sunspot darkening on longer timescales
causes the entire mid- and near-UV spectrum to increase dur-
ing times of high solar activity, relative to solar minimum
conditions. The deduced variations are conceptually consistent
in amplitude and temporal structure with observed variations
at both longer and shorter wavelengths. Near 300 nm there is
a distinct change in the character of the variability. Whereas
faculae provide the dominant modulation over both rotational
and 11-year timescales for radiation at wavelengths shorter
than 300 nm, the 300- to 400-nm radiation behaves more like
the total solar irradiance, having distinct sunspot influences
during short timescales. Largest modulation of the 300- to
400-nm spectrum occurs at wavelengths that correspond to the
cores of Fraunhofer lines, for which cycle amplitudes range
from 0.5% to 1.5% when studied at the 1-nm resolution of the
SOLSTICE data. Less variability (of the order of 0.1-0.2%) is
evident at other wavelengths in the wings of these lines.
Whether solar radiation variations are truly confined to and
dominated by the spectral lines is not presently known, and this
determination is beyond the detection limitations of the
present analysis of 1-nm-resolution spectra.

Reconstructions of long-term solar spectrum variations
based on sunspot and facular records indicate an increase of
1.1% and 0.25% in respectively the 200-300 and 300-400 nm
bands. For comparison, earlier, less rigorous estimates are
0.85% and 0.09% for these same bands [Lean, 1989]. The total
200- to 400-nm energy increases 0.4 W/m? from the minimum
to the maximum of the recent 11-year solar cycle. This energy
accounts for almost 31% of the Sun’s total radiative output
cycle, where the total irradiance change of 1.34 W/m? is deter-
mined from modelling the ACRIM SMM data using the ap-
proach of Foukal and Lean [1988, 1990].

Present observations are unable to confirm or refute our
reconstructions of solar cycle irradiance changes except in the
200- to 250-nm region, where the average UARS changes are
in generally good agreement with the reconstructed irradi-
ances. Additional comparisons await further processing of the
UARS data, which is in progress to identify and remove
changes in the signals associated with instrumental effects.
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