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Estimating Solar Irradiance Since 850 CE
J.L. Lean’

'Space Science Division, Naval Research Laboratory, Washington, DC, USA

Abstract solar total and spectral irradiance are estimated from 850 to 1610 by regressing cosmogenic
irradiance indices against the National Oceanic and Atmospheric Administration Solar Irradiance Climate
Data Record after 1610. The new estimates differ from those recommended for use in the Paleoclimate Model
Intercomparison Project (PMIP4) in the magnitude of multidecadal irradiance changes, spectral distribution
of the changes, and amplitude and phasing of the 11-year activity cycle. The new estimates suggest that total
solar irradiance increased 0.036 + 0.009% from the Maunder Minimum (1645-1715) to the Medieval
Maximum (1100 to 1250), compared with 0.068% from the Maunder Minimum to the Modern Maximum
(1950-2009). PMIP4’s corresponding increases are 0.026% and 0.055%, respectively. Multidecadal irradiance
changes in the new estimates are comparable in magnitude to the PMIP4 recommendations in the ultraviolet
spectrum (100-400 nm) but somewhat larger at visible (400-700 nm) and near-infrared (700-1,000 nm)
wavelengths; the new estimates suggest increases from the Maunder Minimum to the Medieval Maximum of
0.17 £ 0.04%, 0.030 + 0.008%, and 0.036 £ 0.009% in the ultraviolet, visible, and near-infrared spectral regions,
respectively, compared with PMIP4 increases of 0.17%, 0.021%, and 0.016%. The uncertainties are 1o
estimates accruing from the statistical procedures that reconstruct irradiance in the Medieval Maximum
relative to the Modern Maximum, not from the specification of Modern Maximum irradiances per se. In the
new estimates, solar irradiance cycle amplitudes in the Medieval Maximum are comparable to those in the
Modern Maximum, whereas in the PMIP4 reconstruction they are at times almost a factor of 2 larger at some
wavelengths and differ also in phase.

1. Introduction

Solar irradiance is Earth’s primary energy input. It establishes the thermal and dynamical structure of the
terrestrial environment and is the primary external cause of terrestrial variability. The specification of solar
irradiance over multiple centuries is requisite input for numerical simulations of climate variability prior to
the industrial epoch that provide a baseline against which to evaluate contemporary anthropogenic influ-
ences. For this purpose, the Paleoclimate Model Intercomparison Projects PMIP3 (Schmidt et al., 2011,
2012) and PMIP4 (Jungclaus et al.,, 2017) developed reconstructions of the Sun’s total and spectral irradiance
since 850 CE that are compatible with the absolute scale and variability of irradiance inputs recommended for
climate change simulations in the subsequent industrial epoch (Lean, 2009; Matthes et al., 2017).

Because reliable, accessible, ongoing solar irradiance specifications are necessary for a range of Earth science
research and applications, the U.S. National Oceanic and Atmospheric Administration (NOAA) implemented
the Solar Irradiance Climate Data Record (CDR, Coddington et al., 2016) in 2015. The Solar Irradiance CDR
includes estimates of total and spectral solar irradiance made using models constructed to replicate varia-
tions in contemporary space-based observations. Currently, the NOAA CDR irradiance specifications
(v02r01) extend from 1610 to the present but not, as yet, from 850 to 1610.

Continuous space-based observations of total solar irradiance (TSI) began in late 1978, when the Nimbus 9
satellite carried the Hickey-Freidan solar radiometer into Earth orbit, followed in 1980 by the launch of the
Active Cavity Radiometer Irradiance Monitor on the Solar Maximum Mission. Thereafter, a dozen or more
solar radiometers on space-based platforms have continued the record, including the Total Irradiance
Monitor (TIM) on the Solar Radiation and Climate Experiment (SORCE, Rottman, 2005) whose observations
enable the model that specifies TSI for the NOAA CDR. Lean (2017) summarizes the space-based historical
irradiance observations; the record continues with the recently launched state-of-the-art TIM of the Total
and Spectral Solar Irradiance Sensor (TSIS) on the International Space Station (Richard et al,, 2011).

Compared with the database of TSI observations, that of spectral irradiance observations is more limited in
temporal coverage, has less certain absolute calibration, and reduced repeatability, especially on decadal
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Figure 1. Shown are time series of annual total solar irradiance based on the
4C and "%Be cosmogenic isotopes that the Paleoclimate Model
Intercomparison Project recommends for use in simulations of preindustrial
climate change (Jungclaus et al., 2017).

time scales. Thus far, spectral irradiance observations over multiple cycles
exist only at ultraviolet wavelengths less than 400 nm albeit discontinu-
ously. The launch of the Solar Mesosphere Explorer (Rottman, 2006) in
1980 initiated systematic ultraviolet irradiance observations for a decade.
Solar spectroradiometers on the Upper Atmosphere Research Satellite
continued the record from 1992 to 2003 (Dessler et al., 1998), on SORCE
from 2003 to the present (see Lean, 2017, for overview) and on the
International Space Station into the future (Richard et al, 2011).
Additional observations of solar spectral irradiance made in pursuit of
ozone concentration measurements, such as by the Ozone Monitoring
Instrument, also contribute to the solar spectral irradiance database
(Marchenko et al, 2016). Systematic, continuous observations of solar
spectral irradiance at wavelengths from 400 to 2000 nm exist only since
2003, made by the Solar Irradiance Monitor (SIM, Harder et al., 2009) on
SORCE.

Models that combine the influences of the two primary solar sources of irradiance variability, namely dark
sunspots and bright faculae, reproduce the observed space-based TSI variations with high fidelity (Frohlich
& Lean, 2004; Kopp & Lean, 2011). For example, the Naval Research Laboratory Total Solar Irradiance
(NRLTSI2) model, which the NOAA CDR utilizes to estimate both present and historical irradiance variations
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Figure 2. Compared in (a) are two different reconstructions of sunspot num-
bers from 1600 to the present by Hoyt and Schatten (1998) and the Sunspot
Index and Long-term Solar Observations (SILSO) community effort (Clette
et al., 2015). In (b) the average of the two sunspot number time series in (a)
are compared with reconstructions of variations in total solar irradiance
estimated from '°Be (Steinhilber et al,, 2009) and "*C (Roth & Joos, 2013)
cosmogenic isotopes. In (c) these two cosmogenic irradiance indices are
compared from 850 to the present with an additional reconstruction based
n '%Be by Delaygue and Bard (2011).

(Coddington et al., 2016), inputs a sunspot darkening function calculated
from direct observations of sunspot areas and locations on the Sun's sur-
face and the Mg irradiance index as a facular proxy; the correlation of this
model with daily averaged TIM observations (from 2003 to 2016) is 0.96.
The Spectral and Total Irradiance Reconstructions (SATIRE) model derives
its two sunspot (dark sunspot umbra and penumbra) and two facular
(bright faculae and network) inputs from solar magnetograms (Krivova
et al., 2010); the correlation of the SATIRE model of TSI with the TIM obser-
vations is also 0.96.

The same sunspot and facular solar features that cause total irradiance to
vary also influence the spectral irradiance, their net effects being strongly
wavelength dependent. The Naval Research Laboratory Solar Spectral
Irradiance (NRISSI2) model specifies solar spectral irradiance for the
NOAA CDR with wavelength-dependent combinations of sunspot and
facular indices. The relative strengths of the sunspot and facular influences
at different wavelengths are estimated from direct observations made by
the Solar Stellar Irradiance Comparison Experiment (SOLSTICE) and SIM on
SORCE (Snow et al., 2010). The SATIRE model uses a theoretical model of
stellar atmospheres (Unruh et al., 1999) to specify the wavelength depen-
dence of its sunspot and facular inputs. Unresolved instrumental trends
thus far preclude observational determination of solar cycle spectral irradi-
ance changes (Lean & Deland, 2012), except, arguably, for SOLSTICE
observations of the brightest and most variable HI Lyman a emission at
121.5 nm. The correlation of the NRLSSI2 model with the daily SOLSTICE
SORCE Lyman « irradiance (from 2003 to 2016) is 0.99.

Models of solar irradiance variability such as NRLSSI2 and SATIRE expand
and normalize the limited spectral and time domains of the observations.
They provide regularly gridded specifications of solar spectral irradiance
from the far ultraviolet to the far infrared, and in epochs prior to 1978, in
formats suitable for input to climate and atmospheric model simulations
(Matthes et al., 2017). To reconstruct historical solar irradiance variations,
the models incorporate proxy indicators of the sunspot and facular
sources, synergistically for total and spectral irradiance. Direct
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Figure 3. The variations in Paleoclimate Model Intercomparison Project
(PMIP4) total solar irradiance are compared in (a) with a composite record

of direct space-based observations (Dudok de Wit et al., 2017) and with

variations that the Naval Research Laboratory (NRLTSI2) model estimates for

the National Oceanic and Atmospheric Administration Solar Irradiance

Climate Data Record. Also shown are simulations made by the Spectral and
Total Irradiance Reconstructions (SATIRE) model (adjusted in absolute scale).
The values of “r" indicate the correlation coefficients of the annual values of

the PMIP4 and NRLTSI2 total solar irradiance with the observational com-

posite. Shown for comparison in (b) are the sunspot numbers from Figure 2.

observations of the areas and locations of sunspots are available since
1882, but sunspot numbers are the only direct indicator of solar activity
from 1610 to 1882. The NRLTSI2 and NRLSSI2 models estimate annual irra-
diance variations from 1610 to 1882 using direct correlations of annual
mean sunspot numbers with total and spectral irradiance estimated after
1882. SATIRE algorithmically transforms the sunspot number to estimates
of the model’s four separate inputs (dark sunspot umbra and penumbra
and bright faculae and network; Kopp et al., 2016; Krivova et al., 2010).

Estimates of solar irradiance prior to 1610 rely on the '°Be and '*C cosmo-
genic indicators of solar activity extracted from ice cores and tree rings
(Delaygue & Bard, 2011; Roth & Joos, 2013; Steinhilber et al,, 2012, 2009).
Cosmogenic isotopes contain information about solar activity because
the Sun is the source of the heliospheric magnetic flux that modulates
the flow of galactic cosmic rays that produce these isotopes of gases in
Earth’s atmosphere (McCracken et al., 2004, 2013; McCracken & Beer,
2007). Figure 1 shows two different reconstructions of TSI since 850
developed as part of PMIP4, using more recent cosmogenic isotope
indices and irradiance variability models than were available at the time
of PMIP3. The PMIP4 irradiance reconstructions are synergistic with the
absolute scale and variability of the irradiances that Matthes et al. (2017)
recommend for use in Intergovernmental Panel on Climate Change’s
Sixth Assessment Report simulations, namely, the average of irradiance
modeled by NRLTSI2 (total) and NRLSSI2 (spectral) and SATIRE. Of the
two different PMIP4 irradiance reconstructions shown in Figure 1, that
based on 'C (rather than on '°Be) is specifically recommended for use
in the Coupled Model Intercomparison Project (Phase 6) numerical
model simulations.

This paper estimates total and spectral solar irradiance from 850 to 1610 consistent in magnitude and varia-
bility with the NOAA Solar Irradiance CDR from 1610 to 2016. In addition to extending the Solar Irradiance
CDR prior to 1610, the goal is to provide independent, alternative, irradiance reconstructions for comparison
with, and assessment of, the PMIP4 recommendations. The PMIP4 approach converts cosmogenic isotopes to
sunspot numbers then calculates solar irradiance prior to 1850 using a SATIRE-type numerical transformation
of this single solar activity index to estimate the model’s four separate inputs. Vieira et al. (2011) report that
this simplification of the magnetic flux inputs to the SATIRE model is a major source of uncertainty in its
Holocene irradiance reconstructions. In contrast, the current approach estimates solar irradiance prior to
1610 using direct parameterizations of cosmogenic indices with the NOAA Solar Irradiance CDR after 1610.

2. Historical Indictors of Solar Activity

2.1. Sunspots

Sunspots have been observed on the surface of the Sun for centuries. These compact, dark features are
regions where local concentrations of magnetic flux emerge from the convection zone beneath the Sun’s sur-
face, the result of twisting and distortion of subsurface magnetic fields by the solar dynamo. Telescopic
observations of sunspot locations and areas exist since the early 1600s, most famously represented by
Galileo's hand-drawn sketches (Hufbauer, 1993). Systematic observations commenced in the mid-nineteenth
century, soon after the discovery of an 11-year cycle in sunspot numbers, and continue to the present. The
Royal Greenwich Observatory made photographic observations from 1882 to 1986 (Willis et al.,, 2013), and
the Air Force Solar Optical Operational Network (SOON) began collecting information about sunspot areas
and locations operationally in the mid-1980s. Compilation of sunspot catalogs and assessment and validation
of records from different observatories is ongoing (Balmaceda et al., 2009; Gy6ri et al., 2017).

For information about solar activity prior to 1880, Hoyt et al. (1994) and Hoyt and Schatten (1998) accessed
multiple archival drawings and telescopic records of sunspots to compile the group sunspot number time
series since 1610, shown in Figure 2a. In this record, solar cycle amplitudes in the twentieth century are
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Figure 4. Compared with the Paleoclimate Model Intercomparison Project
(PMIP4) recommended times series of annual solar irradiance from 1610 to
2016 (orange lines) are the Naval Research Laboratory Total Solar Irradiance
(NRLTSI2) and NRLSSI2 modeled values (black lines) of (a) total solar irradi-
ance and solar spectral irradiance in broad bands of (b) ultraviolet wave-
lengths from 100 to 400, (c) visible wavelengths from 400 to 700, and (d)
near-infrared wavelengths from 700 to 1,000 nm. The shading indicates the
range of the NRLTSI2 and NRLSSI2 models using the Hoyt and Schatten
(1998) and Sunspot Index and Long-term Solar Observations sunspot num-
bers (Figure 2a). The PMIP4 irradiances are scaled by the factors given to the
absolute magnitude of the NRLTSI2 and NRLSSI2 irradiances during the

Modern Maximum (1950-2009).

notably larger than in the two prior centuries. For example, the group sun-
spot number at the peak of solar cycle 19 (1954-1964), the most active
cycle of the entire sunspot record, is 1.9 times larger than at the peak of
cycle 4 (1784-1798), which is among the largest cycles of the eighteenth
century. An ongoing community effort reassessing the Sunspot Index
and Long-term Solar Observations (SILSO, Clette et al, 2015; Clette &
Lefévre, 2016) suggests that solar activity may have evolved differently
prior to 1882. In the SILSO sunspot numbers (Clette et al., 2015), also
shown in Figure 2a, eighteenth century solar cycles have notably larger
amplitudes than in the Hoyt and Schatten (1998) group sunspot number;
the SILSO sunspot number at the peak of solar cycle 19 is only 1.2 times
larger than the peak of cycle 4. Reflecting current ambiguity about the true
evolution of solar activity from 1610 to 1882, the NOAA Solar Irradiance
CDR makes available two reconstructions of past total and spectral solar
irradiance that differ prior to 1882, one using Hoyt and Schatten’s (1998)
group sunspot numbers, the other using the SILSO sunspot numbers
(Clette et al., 2015). Kopp et al. (2016) describe and compare the depen-
dence of the NRLTSI2 and SATIRE reconstructions of TSI since 1610 on
the adopted sunspot number record.

2.2. Cosmogenic Isotopes

Cosmogenic isotope concentrations in ice cores and tree rings infer solar
activity prior to the start of direct telescopic observations of sunspots indir-
ectly via a chain of physical connections. The interactions of galactic cos-
mic rays with gases in Earth’s atmosphere produce, in particular, the
%Be and '*C isotopes of beryllium and carbon. Fluctuations in cosmogenic
isotopes reflect changes in the Sun’s magnetic flux in the heliosphere that
modulates the cosmic rays’ transits. Termed “open,” the heliospheric mag-
netic flux extends from beneath the Sun’s “source” surface (located at 2.5
times the solar radius) to the Earth and beyond, and composes of order
10% to 20% (depending on solar activity) of the Sun'’s total magnetic flux
(Wang et al.,, 2002). Sunspots, in contrast, are regions of “closed” magnetic
flux where both legs of protruding loops of magnetic flux are anchored
below the Sun’s visible surface. Higher solar activity signifies greater
amounts of total and open magnetic flux, more sunspots and less flux of
cosmic rays at Earth. Lower '°Be and "C isotope concentrations thus cor-
respond to higher levels of solar activity (McCracken et al.,, 2013).

Changes in archived cosmogenic isotope concentrations reflect variations not just in the heliospheric
magnetic field but also in Earth’s magnetic field and its coupled atmosphere and ocean. The approach for
estimating solar irradiance during the Holocene is to separate the transport and deposition of the cosmo-
genic isotopes in the Earth’s atmosphere from the “solar modulation potential,” indicative of the open
magnetic flux, which is then correlated with direct irradiance observations. Averaging multiple cosmogenic
isotope records at favorable sites is one way of minimizing nonsolar variations (e.g., Delaygue & Bard,
2011; Steinhilber et al., 2009); another approach makes use of an Earth system carbon model of "*C with
geomagnetic field reconstructions (Roth & Joos, 2013). The outcomes of these approaches are the estimates
of TSl variability in Figure 2 (shown as irradiance anomalies relative to a constant absolute value, in W m~—2); all
agree that solar irradiance was higher overall in the Medieval (1100-1250) and Modern (1950-2009) maxima
than in the Oort (1010-1070), Wolf (1280-1350), Sporer (1450-1540), Maunder (1645-1715), and Dalton
(1790-1820) minima.

This paper subsequently refers to the TSI anomalies in Figure 2c as cosmogenic irradiance indices because
their temporal variations are used to reconstruct both total and spectral irradiance prior to 1610 with abso-
lute scales and variability magnitudes consistent with the NOAA Solar Irradiance CDR from 1610 to the
present. The comparisons of these cosmogenic irradiance indices with sunspot numbers in Figure 2b
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Figure 5. Annual values of total solar irradiance that Naval Research
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1800 1900 2000 Specifically, the coefficients of the NRLTSI2 model derive from the SORCE

TIM daily averaged TSI observations from 2003 to 2015, a sunspot dar-

Laboratory Total Solar Irradiance (NRLTSI2) models for the National Oceanic ~ kening index constructed from SOON observations of sunspot areas
and Atmospheric Administration Climate Data Record are shown in (a) for and locations, and the Bremen composite Mg facular index. The coeffi-
the solar cycle and in (b) for the solar cycle and background. The symbols cients of the NRLSSI2 model are derived analogously using the SORCE

indicate times of maximum and minima of the 11-year irradiance cycles. Also
shown in (a) and (b) are the Roth and Joos (2013) cosmogenic irradiance
index, scaled using coefficients derived from the scatter plots in Figure 7. The

SOLSTICE and SIM solar spectral irradiance observations. Because of
the possibility of long-term drifts in the calibration of the SORCE instru-

hatching indicates the 1o statistical uncertainties of the scaling coefficients. ~ ments (Lean & Deland, 2012), the spectral irradiance observations and

the indices are detrended prior to multiple regression; the detrended

time series capture the relationship of spectral irradiance and the indices
on time scales of the Sun’s 27-day rotation, over which time the SIM instrument calibration drifts are sig-
nificantly less. The model coefficients thus derived are subsequently adjusted to account for differences in
regression of rotational versus solar cycle time series, determined using the directly observed TIM TSI time
series, whose long-term calibration repeatability exceeds that of the SIM. As well, the integrals of both the
sunspot and facular irradiance contributions to the spectrum changes are numerically constrained to
match their bolometric counterparts.

Figure 3 compares annual means of the NRLTSI2 modeled TSI since 1979 with a new composite record deter-
mined from statistical decomposition of space-based observations on different time scales (Dudok de Wit
et al., 2017). For comparison, Figure 3 also shows the TSI that PMIP4 recommends for this recent period.
The NRLTSI2 model correlates better with the observations (correlation coefficient 0.96) than does the
PMIP4 irradiance (correlation coefficient 0.91), primarily because of the presence of an overall downward
trend in the PMIP4 irradiance that neither the observations nor the NRTSI2 model exhibits. The PMIP4 TSI
is an average of the NRLTSI2 and SATIRE models, and the source of the overall downward trend is the
SATIRE model (Matthes et al., 2017), also shown in Figure 3.

For estimating solar irradiance between 1882 and the space era, the NRLTSI2 and NRLSSI2 models use direct
observations of the areas and locations of sunspots made by the Royal Greenwich Observatory from 1882 to
1976 (Willis et al., 2013) to calculate a sunspot darkening function, which is scaled by 68% for cross calibration
with that from the SOON observations (Coddington et al., 2016; Kopp et al.,, 2016). The facular index is a com-
bination of Ca Il K plage areas and the 10.7-cm solar radio flux after 1950 and sunspot numbers before then
(Lean et al,, 2001). A particular dilemma in reconstructing solar irradiance prior to about 1950 is the extent to
which a surmised background facular component contributes additional irradiance variability. The NRLTSI2
and NRLSSI2 models add to the solar irradiance cycle a background component whose magnitude is esti-
mated from flux transport model calculations of the accumulation of total magnetic flux on the Sun’s surface
from evolving solar activity cycles (Wang et al., 2005). The flux transport simulations used the Hoyt and
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Figure 6. Annual values of solar HI Lyman a irradiance that Naval Research
Laboratory Total Solar Irradiance (NRLSSI2) models for the National Oceanic
and Atmospheric Administration Climate Data Record are shown in (a) for
the solar cycle and in (b) for the solar cycle and background. The symbols
indicate times of maximum and minima of the 11-year irradiance cycles. Also
shown in (a) and (b) are the Roth and Joos (2013) cosmogenic irradiance
index, scaled to match the maxima and minima irradiance values using
coefficients derived from the scatter plots in Figure 7. The hatching indicates
the 1o statistical uncertainties of the scaling coefficients.

Schatten (1998) sunspot group numbers to estimate the area and number
of bipolar magnetic regions input to the flux transport model; after 1882,
the group sunspot numbers agree well with the SILSO sunspot numbers
(Figure 2a).

From 1610 to 1882, sunspot numbers are the only direct index of solar
activity; reliable distinction of individual sunspot and facular indices is
not possible with this single generic index. Therefore, the NRLTSI2 and
NRLSSI2 models estimate annual (only) irradiance variations from 1610
to 1882 using direct correlations of annual mean sunspot numbers with
the total and spectral irradiances estimated after 1882 (Kopp et al.,
2016). Because differences between the Hoyt and Schatten (1998) group
sunspot numbers and the SILSO sunspot numbers (Clette et al., 2015) prior
to 1882 are not yet resolved (Asvestari et al.,, 2017), the irradiance from
1610 to 1882 is estimated separately for the two individual sunspot
records (Kopp et al,, 2016).

Comparisons of multiple sunspot number records with cosmogenic radio-
nuclides extracted from meteorites suggest that sunspot records such as
SILSO may overestimate solar activity prior to the mideighteenth century
(Asvestari et al., 2017). This motivates the adoption of an average of the
two reconstructions using the different sunspot records as the preferred
irradiance specification since 1610. Figure 4 compares the annual total
and spectral irradiances (averages) since 1610 with PMIP4’s recommended
irradiances. The shading in this figure indicates the range of the two sepa-
rate CDR reconstructions using different sunspot records.

3.2. The 850-1610 CE

The approach for estimating solar irradiance prior to 1610, before tele-
scopic sunspot observations began, is to relate a cosmogenic irradiance
index, such as shown in Figure 2, to the NRLTSI2 and NRLSSI2 annual irra-

diances after 1610 (Figure 4), and apply the relationships to the cosmogenic irradiance index prior to 1610.
While the focus of this paper is estimation of solar irradiance after 850 for establishing natural climate forcing
during the preindustrial millennium (e.g., Otto-Bliesner et al., 2016), irradiance estimates are possible for the
duration of the cosmogenic isotope records prior to 850.

Cosmogenic irradiance indices track sunspot number amplitudes (Figure 2b) and annual sunspot numbers
track annual solar irradiance (Figure 3), so cosmogenic indices are expected to directly track the ampli-
tudes of solar irradiance cycles. Figures 5 and 6 demonstrate that this is indeed the case. When appropri-
ately scaled, the Roth and Joos (2013) cosmogenic irradiance index tracks the maxima of the NRLTSI2 TSI
cycle, which the symbols in Figure 5 indicate; the correlation of NRLTSI2 TSI at solar cycle maxima with the
cosmogenic irradiance index is 0.88. Figure 5b shows that the cosmogenic irradiance index also tracks the
cycle maxima and minima of the NRLTSI2 model of the irradiance cycles and background changes.
Analogous scaling of the cosmogenic irradiance index similarly reproduces the variations in the NRLSSI2
model of the HI Lyman « spectral irradiance at 121.5 nm, shown in Figure 6, replicating the cycle maxima
and minima in the reconstructions.

The relationships between the NRLTSI2 and NRLSSI2 solar irradiance and cosmogenic irradiance indices evi-
dent in Figures 5 and 6 provide the information needed to estimate solar irradiance variations prior to 1610,
including during the activity cycle, in the following sequence of steps:

1. The first step is determination of quantitative linear relations between solar irradiance cycle maxima and
the selected cosmogenic irradiance index. The scatter plots in Figure 7 compare the values of the total and
HI Lyman a solar irradiance corresponding to the symbols in Figures 5 and 6, respectively, with the con-
current Roth and Joos (2013) cosmogenic irradiance index at solar cycle maxima and for the background
component (numerically equal to the difference of the NRLTSI2 and NRLSSI2 reconstructions for the cycle
alone and for the cycle plus background).
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Figure 7. Scatter plots show the relationship of total solar irradiance (left column) and solar HI Lyman a irradiance (right column) with the Roth and Joos (2013)
cosmogenic isotope index during times of (a) and (c) solar cycle maxima and (b) and (d) with the background component. The black lines in reach plot are the linear
relationships that transform the cosmogenic irradiance index to equivalent irradiance.

The lines in the scatter plots in Figure 7 depict the relationships that transform the cosmogenic irradiance

ind

ex to equivalent irradiance. Figures 5 and 6 show the transformed Roth and Joss (2013) cosmogenic irra-

diance index to total and HI Lyman « solar irradiance, respectively, at solar maxima and minima. The linear
relationships are determined by allowing for errors in both the CDR irradiance and the cosmogenic irradiance

ind

ex (following Press et al., 1992), an approach that requires a priori specification of (weighted) errors. The

error in the cosmogenic irradiance index is obtained from the standard deviation of the three cosmogenic

irra
int

diance indices shown in Figure 1c and is indicated by the hatching about the Roth and Joss (2013) index
hat figure. The error in the irradiance is obtained from the difference of the two different irradiance recon-

structions formulated using Hoyt and Schatten’s (1998) group sunspot numbers and the SILSO sunspot num-
bers; it is indicated by the shading about the average in Figure 4.

2.

3.

The second step is generation of a synthetic solar cycle (separately for TSI and for spectral irradiance at
each wavelength) using irradiance cycles after 1610. This is necessary because, as Figures 5 and 6 show,
cosmogenic irradiance indices lack the temporal resolution to resolve 11-year solar activity cycles.
Shown in Figure 8 are the individual cycles in TSI (Figure 8a) and the HI Lyman « irradiance (Figure 8b)
from 1700 to 2016 as functions of time (in years) after solar minimum (i.e., the irradiance minima indicated
by symbols in Figures 5 and 6). Individual cycles can be as short as 9 years or as long as 12 years; those
shown in Figure 8 are normalized to a cycle of 11-year duration. The adopted synthetic cycle for a parti-
cular irradiance time series, total or spectral, is the average of the individual cycles following adjustment
to a common length of 11 years. Figure 8 also shows the average cycles for TSI and HI Lyman a spectral
irradiance.

The third step (which occurs iteratively with the fourth step, below) adjusts the synthetic irradiance cycle
to have appropriate maximum and minimum irradiance values at a specific time. The maximum value of
the cycle is estimated using the cosmogenic irradiance index at that time, transformed by its relationship
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OI) ITolthI Solar '"Odiorfc‘f Cycles with cycle maxima irradiance (Figure 7). The minimum value of the
1362.0¢ ] cycle is specified as the average of the minima since 1610. The back-
ground component is then added to the scaled synthetic activity cycle.
. 13615 ] 4. The fourth and final step (undertaken iteratively with the third step,
€ i ] above) is the sequential insertion of the synthetic irradiance cycles
= 1361.0:— — adjusted in amplitude and with the background component to the
1 annual time grid from 850 to 2005 (the end of the Roth & Joos, 2013,
1305F A cosmogenic irradiance record). The starting year for sequential inser-
0 2 5 8 10 12 tion of synthetic activity cycles is selected to maximize the correlation
, of the resultant solar irradiance time series from 1610 to 2005 recon-
b) Lyman a Irradiance Cycles . . .
0.010ET T I B structed from the cosmogenic isotope index with that of the overlap-
: E ping NRLTSI2 and NRLSSI2 model specifications.
0.009 F 3 Analogous to Figure 4 but for the years 850 to 2016, Figure 9 compares the
“ PMIP4 and extended NRLTSI2 time series of TSI (Figure 9a), and the
€ 0.008¢ E NRLSSI2 spectral irradiances in ultraviolet (Figure 9b), visible (Figure 9¢)
= and near-infrared (Figure 9d) wavelength bands. To facilitate direct visual
0.007 _ _ comparisons of irradiance variability, the PMIP4 irradiances in Figure 9 are
0.006; _ normalized to the NRLTSI2 and NRLSSI2 absolute irradiance during the
RTINS TR RN R I Modern Maximum (1950-2009) using the scaling factors indicated in the

Figure 8. Annual values of (a) total solar irradiance and (b) solar HI Lyman a
irradiance following the commencement of each 11-year activity cycle

Year aofter Cycle Minimum

6 8 10

N

figure; these scaling factors are the result of different absolute scales of
the NOAA CDR and PMIP4 irradiances. Table 1 lists numerical values of
TSI and spectral irradiance in four broad bands at selected epochs of solar
activity “grand” maxima and minima since 850.

(identified by successive cycle minima in Figures 5 and 6) are shown as the

thin black lines for all cycles between 1700 and 2010, adjusted to a constant
cycle length of 11 years. Also shown as the pink line are the averages of the
individual (adjusted) 11-year cycles.

3.3. Uncertainties

The reconstruction of solar irradiance variability from proxy indices
involves multiple assumptions and uncertainties that Coddington et al.
(2016) discuss in detail for the NOAA CDR irradiance time series them-
selves. It is assumed that sunspots and faculae are the only sources of irradiance variability on solar cycle time
scales, that an accumulation of bright faculae on multidecadal time scales produces a varying background
component and that models of the transport of magnetic flux on the solar surface provide viable estimates
of this background component. Uncertainties include those in the direct observations used to construct the
model, in the adopted sunspot and facular proxies and in the relationships between them, on multiple time
scales. This section specifically addresses the additional statistical uncertainties that manifest from the exten-
sion of the (average) NOAA CDR total and spectral irradiance to 850, under the assumption that cosmogenic
isotopes are suitable indicators of the temporal structure of past solar irradiance variations.

Uncertainties in solar irradiance reconstructed prior to 1610 accrue from the statistical relationships of the
post-1610 irradiances with the cosmogenic irradiance index that specify the cycle maximum and background
irradiance and in the adopted cycle minimum value. The hatching in Figures 5 and 6 illustrates the corre-
sponding 1o uncertainties for the total and HI Lyman « irradiances at activity cycle maxima. Uncertainties
at cycle maxima are estimated directly from the coefficient uncertainties. This is appropriate because the
autocorrelation of the residuals of the linear model of solar cycle maxima is ~0 at a lag of one year.
Uncertainties associated with cycle minima are estimated from the standard deviation of cycle minimum
values after 1610. Uncertainties associated with the background component are estimated directly from
the linear regression coefficient uncertainties, taking into account autocorrelation of the residuals (which is
0.9 at a lag of 1 year).

Combining the statistical uncertainties in the regression coefficients that extend the NOAA CDR solar irradi-
ance prior to 1610 provides upper and lower limits for the historical irradiance reconstructions. To illustrate
the magnitude of these uncertainties, Figure 10 compares the NRLTSI2 and NRLSSI2 irradiances and the
PMIP4 irradiance at greater temporal detail than in Figure 9, during two separate epochs; the darker (rela-
tively narrow) shading indicates 1o statistical uncertainties of the regression coefficients. These uncertainties
are, for example, ~0.01% of TSI and ~0.07% of the ultraviolet irradiance at 100 to 400 nm; for comparison the
contemporary solar cycle magnitudes are ~0.07% and ~0.4%, respectively. Since the Roth and Joos (2013)
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1362.0 a) Total Solar Irradiance : cosmogenic index is the basis for both the extended CDR and PMIP4 irra-
13615 F diances, the darker shading delimiters differences in the two different
‘rE 13610 approaches at the 1o level. Table 1 includes the statistical uncertainties
= oo in the new reconstructions for TSI and spectral irradiance in four broad
13500 bands, estimated at various maxima and minima epochs since 850.
. ] ] ' ) ' ' As Figure 2 shows, two other cosmogenic irradiance indices differ some-
1080 2) Ultraviolet Irradiance: 100 to 400 nm A what from that of Roth and Joos (2013), and with each other. The hatching
1078E in Figure 2c indicates the standard deviation of the three different cosmo-
':‘E 107.6 1l genic irradiance indices shown in that figure (relative to the Roth and Joos
5 107.4 index) and facilitates estimation of additional uncertainty in the historical
:g;'é 3 irradiance reconstructions arising from uncertainty in the cosmogenic irra-
’ L L diance index itself. The lighter (relatively broad) shading in Figure 10 illus-
c) Visible Irradiance: 400 to 700 nm trates the combined 10 statistical upper and lower bounds for the new
gg]f ' ' ' ' 'NRLSSI2 irradiance reconstructions and uncertainties pertaining to the irradiance
. 5310[ extension based on the Roth and Joos (2013) cosmogenic irradiance index.
€ ‘2;8:: | These combined uncertainties are typically a factor of 2 larger than the sta-
® 5307 tistical uncertainties from the regression coefficients, alone.
2303 . . .
d) Near Infrared Irradiance: 700 to 1000 nm 4. Comparisons With PMIP4 Irradiance Reconstructions
T T T T T
;2::? NRLSSI2 Throughout the entire preindustrial millennium from 850 to 1850, the new
‘TE 3056 estimates of solar irradiance differ from the irradiances that PMIP4 recom-
= sk mends in the wavelength-dependent magnitude of increases from grand
054 . . minima to maxima and in 11-year cycle magnitude and phasing.

Figure 9. Compared with the Paleoclimate Model Intercomparison Project
(PMIP4) recommended times series of annual solar irradiance from 850 to
2016 (orange lines) are the Naval Research Laboratory Total Solar Irradiance

1 1
1400 1600 1800 2000 This section quantifies and discusses differences between solar irradiances

formulated using the approach described in section 3, of extending the
NOAA Solar irradiance CDR using direct relationships with cosmogenic
irradiance indices, with the solar irradiances that PMIP4 recommends for

(NRLTSI2) and NRLSSI2 modeled values from 1610 to 2016 (black lines) use in Coupled Model Intercomparison Project (Phase 6) simulations of cli-
extended from 1610 to 850 using the Roth and Joos (2013) cosmogenic mate change in the preindustrial millennium. Specifically, the NRLTSI2 and
irradiance index. In (a) is total solar irradiance. Solar spectral irradiances in NRLSSI2 solar irradiance reconstructions from 1610 to 2016 are the aver-

broad bands are shown in (b) at ultraviolet wavelengths from 100 to 400, (c)
at visible wavelengths from 400 to 700, and (d) at near-infrared wavelengths
from 700 to 1,000 nm.

age of the CDR irradiances modeled using the Hoyt and Schatten (1998)
and SILSO sunspot numbers, and prior to 1610 they are the irradiances
reconstructed with synthetic activity cycles of fixed (11-year) length,
scaled using the parameterizations of the post-1610 irradiances with the
Roth and Joos (2013) "*C-based cosmogenic irradiance index. The PMIP4 irradiances after 1850 are the aver-
age of the SATIRE and NRLTSI2 and NRLSSI2 irradiances and prior to that SATIRE reconstructions using
14C (SSI_1 4C_cycle_yearly_cmip_v20160613_fc.txt).

4.1. Multidecadal Irradiance Variability

Trends between the NOAA CDR and PMIP4 irradiances differ on multidecadal time scales even during the
space era (1978-2016). As Figure 3 shows, neither the NRLTSI2 model nor the composite of observations indi-
cates such a large downward trend as the PMIP4 TSI. This downward trend is a result of an even larger down-
ward trend in the TSI variations that SATIRE models during this period. It is unlikely that the trend in the
SATIRE model indicates a real solar irradiance change since it exceeds, by almost a factor of 2, long-term
trends not just in the new observational composite but also, separately, in the three other observational
composites, each constructed using different approaches (Lean, 2017; Figure 7).

To more directly compare multidecadal variability in the two different approaches, Figure 11 shows the
irradiance time series in Figures 9 and 10 smoothed over 20 years, with the PMIP4 irradiances normalized
to the NOAA CDR irradiance during the Modern Maximum (1950-2009). Whereas multidecadal trends in
the NOAA total solar irradiance CDR are smaller than in the PMIP4 irradiances during the space era, the com-
parisons in Figures 9-11 and the values in Table 1 indicate that they are larger—rather than smaller—prior to
~1600. The origin of the larger multidecadal changes in the extended NRLTSI and NRLSSI2 irradiances (at
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Table 1

Solar Irradiance in W m ™2 Averaged Over Epochs of Grand Minima and Maxima Between 850 and 2016 CE, Estimated by the Current Approach Using Cosmogenic

Irradiance Indices to Parameterize the Irradiance Variability in the NRLTSI2 and NRLSSI2 (NRL2) Models and Recommended by PMIP4

Interval Total irradiance 100-400 nm 400-700 nm 700-1,000 nm 1,000-2,000 nm 2,000-100,000 nm
Oort Minimum (1010-1070)

NRL2 1360.41 = 0.06 107.24 + 0.02 530.66 = 0.02 305.48 = 0.01 332.52 = 0.006 84.50 + 0.004

PMIP4 1360.64 106.77 529.95 306.34 330.29 85.16
Medieval Maximum (1100-1250)

NRL2 1360.66 = 0.09 107.33 £ 0.03 530.75 £ 0.03 305.54 + 0.02 332.54 = 0.009 84.50 = 0.003

PMIP4 1360.76 106.88 530.02 306.37 330.29 85.16
Wolf Minimum (1280-1350)

NRL2 1360.20 = 0.04 107.16 = 0.02 530.60 = 0.02 305.44 = 0.01 332.50 = 0.005 84.49 + 0.001

PMIP4 1360.42 106.71 529.92 306.32 330.29 85.16
Sporer Minimum (1450-1540)

NRL2 1360.15 = 0.04 107.15 + 0.02 530.58 = 0.01 305.43 = 0.01 332.50 = 0.004 84.49 + 0.001

PMIP4 1360.32 106.65 529.89 306.31 330.29 85.15
Maunder Minimum (1645-1715)

NRL2 1360.16 = 0.03 107.15 = 0.01 530.59 = 0.01 305.43 £+ 0.006 332.50 = 0.002 84.49 + 0.001

PMIP4 1360.41 106.70 529.91 306.32 330.29 85.16
Dalton Minimum (1790-1820)

NRL2 1360.42 + 0.03 107.24 + 0.01 530.66 = 0.01 305.49 £+ 0.006 332.52 + 0.002 84.50 = 0.001

PMIP4 1360.81 106.91 530.04 306.38 330.29 85.16
Modern Maximum (1950-2009)

NRL2 1361.08 107.48 530.89 305.62 332.57 84.5

PMIP4 1361.16 107.04 530.14 306.45 330.32 85.17

Note. The uncertainties listed prior to 1610 are 1o estimates derived from the coefficients of the statistical regressions that establish the parameterizations.
NRLTSI2 = Naval Research Laboratory Total Solar Irradiance; NRLSSI2 = Naval Research Laboratory Solar Spectral Irradiance; PMIP4 = Paleoclimate Model

Intercomparison Project.

wavelengths longer than 400 nm) is, in part, that overall levels relative to the Modern Maximum are lower
than the PMIP4 irradiances during the Oort, Wolf, Spérer, Maunder, and Dalton minima. A possible
explanation for the higher PMIP4 irradiances during grand minima is the finite magnitude of the solar
activity cycles during these minima; it is evident in Figure 9 that throughout all five grand minima
irradiance cycle amplitudes are larger in the PMIP4 than in the extended NRLSSI2 irradiances (which, as in
the Maunder Minimum, are estimated to have negligible solar cycle magnitudes during grand minima).
PMIP4’s finite-amplitude cycles raise the overall irradiance level during grand minima, thereby decreasing
the range from grand minima to grand maxima.

There are no direct irradiance observations prior to 1978 against which to assess differences between irradi-
ance time series. Since the fundamental premise of both the extended NRLTSI2 and NRLSSI2 and the PMIP4
irradiance reconstructions is that cosmogenic isotopes provide useful information about the temporal struc-
ture (but not the amplitude) of solar irradiance variations on multidecadal time scales, comparisons with time
series of the cosmogenic irradiance indices themselves offer an, albeit imperfect, option. Accordingly,
Figure 12 compares periodograms of the annual NRLTSI2 and PMIP4 TSI and '*C cosmogenic isotope index;
peak power occurs at periods near 11, 60, 85, 125, and 210 years. Figure 12 also shows the temporal variation
in the amplitude of cycles in the NRLTSI2 and PMIP4 TSI at 11, 125, and 210 years, estimated by complex
demodaulation following Bloomfield (1976). The persistently smaller 11-year cycle amplitude in NRLTSI2 than
PMIP4 is readily apparent in Figure 12b. In contrast, the amplitude of multidecadal variability at longer per-
iods (Figures 12c and 12d) is larger in NRLTSI2 than in PMIP4. As expected, the correlation of the NRLTSI2 with
the Roth and Joos (2013) cosmogenic irradiance index prior to 1610 is very high (0.99) since this cosmogenic
index is the basis for the NRLTSI2 reconstruction. Although the PMIP4 irradiance is also based on '*C, its cor-
relation with this particular '*C index is smaller.

4.2, Spectral Irradiance Variability

Figure 13 shows specifically that spectral irradiance changes from the Maunder Minimum to both the
Medieval and Modern Maximas in the NRLSSI2 model are larger than the PMIP4 spectrum changes at essen-
tially all wavelengths longer than 400 nm. These differences trace directly to differences between the
NRLSSI2 and SATIRE models (of which PMIP4 is an average). It is well established that (for the same change
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Figure 10. Compared with the Paleoclimate Model Intercomparison Project (PMIP4) recommended times series of annual solar irradiance from 850 to 2016 (orange
lines) are the Naval Research Laboratory Total Solar Irradiance (NRLTSI2) and NRLSSI2 modeled values (black lines) in epochs of higher solar activity (on the left) and lower
activity (on the right). In (a) is total solar irradiance. Solar spectral irradiances in broad bands are shown in (b) at ultraviolet wavelengths from 100 to 400, (c) at visible

wavelengths from 400 to 700, and (d) at near-infrared wavelengths from 700 to 1,000 nm. The darker gray shading indicates the 1o statistical uncertainties in the coefficients

that transform the '

4 cosmogenic index to irradiance. The lighter gray shading incorporates additional uncertainty in the cosmogenic index itself.

in solar activity) the SATIRE irradiances vary somewhat more at near ultraviolet wavelengths and less at visible
and near-infrared wavelengths than does the NRLSSI2 model.

Direct observations of spectral irradiance variability currently lack the needed long-term repeatability to
establish unequivocally the magnitude of solar spectral irradiance changes during the solar activity cycle
and on longer time scales. This precludes adjudication of the somewhat smaller near ultraviolet changes that
the NRLSSI2 model estimates versus those that the SATIRE model prescribes for a given change in solar activ-
ity. There is, however, circumstantial evidence that the SATIRE model may overestimate spectral irradiance
changes in the near ultraviolet spectrum, based on comparisons of models with observations of irradiance
modulation by solar rotation over shorter, monthly, time scales; direct comparisons with Ozone Monitoring
Instrument spectral irradiance variations suggest that this is the case (Marchenko et al., 2016). Should
SATIRE's parameters (which are derived from theoretical models of stellar atmospheres) overestimate actual
facular brightness or underestimates sunspot darkness in the near ultraviolet spectrum, the model would
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Figure 11. Compared in (a) are 20-year smoothings of the Paleoclimate
Model Intercomparison Project (PMIP4) annual total solar irradiance
(orange lines) and the similarly smoothed Naval Research Laboratory Total
Solar Irradiance (NRLTSI2) model (black line) with the (scaled) Roth and Joos
(2013) cosmogenic irradiance index (pink line). The PMIP4 and NRLSSI2 solar
spectral irradiances in broad bands are compared in (b) at ultraviolet wave-
lengths from 100 to 400, (c) at visible wavelengths from 400 to 700, and (d) at
near-infrared wavelengths from 700 to 1,000 nm. The darker gray shading
indicates the 10 statistical uncertainties in the coefficients that transform the
4 cosmogenic index to irradiance and the lighter gray shading incorpo-
rates additional uncertainty in the cosmogenic index itself.

then overestimate the magnitude of both solar rotation and solar cycle
changes. The Sun’s near ultraviolet spectral region emission is notoriously
difficult to replicate with stellar atmosphere models because of the abun-
dance of line blanketing of the underlying emission continuum. And an
overestimate of spectral irradiance variability in the near ultraviolet spec-
tral region by necessity requires an underestimate in adjacent visible
and near-infrared spectral regions in order that the integral of the spectral
irradiance variability match that in the independently measured TSI.

4.3. Solar Cycle Amplitudes

Solar cycle amplitudes in the extended NRLTSI2 and NRLSSI2 irradiances
are systematically smaller than in the PMIP4 irradiances throughout the
entire preindustrial millennium (850 to 1850). This characteristic is clearly
evident in Figures 4, 9, and 10 for total, ultraviolet, and visible solar irradi-
ance. The demodulated amplitudes of the 11-year cycle in TSI shown in
Figure 12b quantify the temporal evolution of the differences.

The magnitude of irradiance changes during the solar cycle, whether
bolometric or spectral, depends on the relative contributions of
sunspots, which decrease the irradiance, and faculae, which increase it.
When the facular-related increase exceeds the sunspot-related decrease
the cycle amplitude is positive, more so the larger the facular signal.
Thus, modeling realistic solar cycle amplitudes requires, at the most
fundamental level, reliable specification of the net change from sunspots
and faculae. In lieu of information about the individual sources of irradi-
ance variability prior to 1882, the approach used here (section 3) to
extend the NOAA Solar Irradiance CDR to earlier times is the use of
cosmogenic isotopes as a proxy for their combined, net effect. This
approach recognizes that one solar activity index, alone, is unable to
robustly constrain the temporal variations in two (or more) solar features
(sunspots and faculae) that each vary with solar activity; as Figures 2 and
3 show, observed solar irradiance cycles in the space era, the result of
the net of the two separate influences, track the sunspot number cycles
as expected and cosmogenic isotopes track the (envelope) of sunspot
number cycles. This understanding directly implies that irradiance cycle
amplitudes in the Medieval and Modern Maxima are approximately
comparable because the cosmogenic irradiance indices are, too.
Figures 9 and 12 show that this is indeed the case for the new estimates

of solar irradiance but not for the PMIP4 solar irradiance, whose activity cycle amplitudes in the Medieval
Maximum are larger than in the Modern Maximum.

The approach that PMIP4 uses to reconstruct solar irradiance from cosmogenic isotopes is to first simulate the
sunspot number from the cosmogenic isotope index, then use this estimate of the sunspot number to specify
the SATIRE model’s four separate inputs (sunspot umbra, sunspot penumbra, faculae, and ephemeral
regions). It is likely, however, that the specification of multiple sunspot and facular indices from just one index
of solar activity is poorly constrained. Should the numerical prescription of this separation favor faculae over
sunspots, a direct result would be the corresponding spurious overestimate of irradiance cycle amplitudes.
Indeed, attempting to prescribe the magnetic flux in four separate solar features from one activity index (sun-
spots) is recognized as “the major source of uncertainty of the solar irradiance reconstruction during the

Holocene” (Vieira et al., 2011).

4.4. Solar Cycle Phase

Phase differences exist between the solar irradiance cycles of the new estimates and those of PMIP4
during some preindustrial epochs. The comparisons in Figure 14 of the TSI variations in six different
selected epochs illustrate this. Although the two different irradiance estimates track closely through the
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Figure 12. Periodograms of the Naval Research Laboratory Total Solar Irradiance (NRLTSI2) and Paleoclimate Model Intercomparison Project (PMIP4) total solar irra-
diance from 850 to 2016 are compared with that of the Roth and Joos (2013) cosmogenic irradiance index at (a) periods from 1 to 600 years. Shown in (b)—(d) are the
demodulated amplitudes (peak to valley) of the irradiance at periods centered on (b) 11 years, (c) 125 years, and (d) 210 years, which correspond to peak power in the
periodograms.

five cycles of the Modern Maximum, when both are determined from direct solar indices (Figure 14f), in
earlier epochs the timing of cycle maxima can differ by as much as 5 years. As Krivova et al. (2010)
note, when using the approach of the SATIRE model, as the PMIP4 reconstructions do, “the shape of
the cycles cannot be reproduced very accurately by the model design, so that times of solar activity
minima and maxima may differ from the real ones by about 1 to 2 years.” An accumulation of
successive 1- to 2-year miscalculated minima readily accounts for the phase differences evident
between the new estimates of solar irradiance cycles in the preindustrial millennium, compared with
those that PMIP4 endorses.
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Figure 13. Compared on the left are the changes in solar spectral irradiance at wavelengths from 115 to 10,000 nm that the Paleoclimate Model Intercomparison
Project (PMIP4) (orange line) and the Naval Research Laboratory Total Solar Irradiance (NRLSSI2) model (black line) determine from the Maunder Minimum (1645-1715) to the
Modern Maximum (1950-2009) in (a) percentages and (b) energy units. Shown on the right, for comparison, are the spectral irradiance changes from the Maunder Minimum

(1645-1715) to the Medieval Maximum (1100-1250) according to the PMIP4 and NRLSSI2 estimates, in (a) percentages and (b) energy units. The gaps in the plots of percentage
changes in the vicinity of 2,000 nm occur because the changes are out of phase. Table 1 lists numerical values for the NRLSSI2 and PMIP4 spectral irradiances in selected broad
bands during the Medieval and Modern grand maxima and during the Maunder and other grand minima.

5. Summary

Direct relationships between the NRLTSI2 and NRLSSI2 modeled total and spectral solar irradiances and
cosmogenic irradiance indices are demonstrated and quantified from 1610 to the present. These relation-
ships provide a robust numerical basis for estimating annual solar irradiance from 850 to 1610 from cosmo-
genic isotopes, thereby extending the NOAA Solar Irradiance CDR to the preindustrial millennium. The new
estimates differ in a number of ways from the solar irradiances that the PMIP4 recommends for use in prein-
dustrial climate change simulations.

First, the new estimates indicate larger solar irradiance variations between grand minima (Oort, Wolf, Spérer,
Maunder, and Dalton) and grand maxima (Medieval and Modern). For example, the newly estimated TSI
increase from the Maunder Minimum to the Medieval Maximum is 0.5 + 0.1 W m ™2, which is 43% higher that
the corresponding increase of 0.35 W m~2 in PMIP4 total irradiance; the difference exceeds the 15 uncer-
tainty—but not the 2o uncertainty—of the statistical coefficients that relate the NOAA CDR to the "*C cosmo-
genic isotope index. Second, the new estimates suggest larger increases in visible (400-700 nm) and near-
infrared (700-1,000 nm) spectral irradiances from the Maunder Minimum to the Medieval Maximum, speci-
fically 0.16 + 0.04 W m~2 and 0.11 + 0.03 W m 2, which exceed by 45% and 120% the corresponding
increases of 0.11 W m~2 and 0.05 W m~2 in the PMIP4 spectral irradiances. As with TS, these differences
in broad spectral irradiance bands exceed the 1o uncertainty—but not the 20 uncertainty—of the statistical
coefficients that relate the NOAA CDR to the '*C cosmogenic isotope index. Third, the amplitudes of nominal
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Figure 14. Temporal details of 11-year cycle changes in the Paleoclimate Model Intercomparison Project (PMIP4) (orange line) and Naval Research Laboratory Total
Solar Irradiance (NRLTSI2) (black solid line) total solar irradiance are compared in six separate epochs, (a) from 920 to 985, (b) from 1100 to 1150, near the peak of the
Medieval Maximum, (c) 1283 to 11357, during the Wolf Minimum, (d) 1349 to 1393, (e) 1650 to 1700, the main phase of the Maunder Minimum, and (f)
1950 to 2009, the Modern Maximum. The darker gray shading indicates the 1o statistical uncertainties in the coefficients that transform the T4c
cosmogenic index to irradiance and the lighter gray shading incorporates additional uncertainty in the cosmogenic index itself.

11-year irradiance cycles in the new estimates are notably smaller than in the PMIP4 irradiances. For example,
at the peak of the Medieval Maximum total irradiance cycle amplitudes (min to max) are approximately
0.6 W m~2 in the new irradiance estimates versus 1 W m~2 in PMIP4 irradiances. And fourth, the
phase of the activity cycles can differ by as much as 5 years in some epochs.

Differences in both the multidecadal and 11-year cycle variability between the new estimates of solar irradi-
ance variability that extend the NOAA Solar Irradiance CDR to 850 and the irradiances that PMIP4 recom-
mends likely result from their quite different utilization of (the same) cosmogenic isotope index. The new
estimates reconstruct solar irradiance from 850 to 1610 CE using direct relationships between the Roth
and Joos (2013) "C cosmogenic irradiance index and solar irradiance cycle maxima and background during
the period 1610 to 2005. Physically, these relationships transform the cosmogenic irradiance index to one
irradiance parameter—namely, the net effect of sunspot-related deficits and facular-related enhancements,
bolometrically and spectrally. The PMIP4 approach extracts, also from the *C cosmogenic isotope record, the
four individual solar features that the SATIRE model requires as input. An explanation for what are likely
spuriously larger cycle amplitudes in the PMIP4 irradiances, including during all five grand minima, may be
that this approach, which is poorly constrained numerically, overestimates bright faculae at the expense of
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dark sunspots. Finite irradiance cycle amplitudes during grand minima, such as in the PMIP4 irradiances,
produce overall higher irradiance levels and consequently smaller increases from grand minima to grand
maxima. Furthermore, the acknowledged inability of the SATIRE approach to constrain the location of
minimum to within a few years may explain the differences in phase of the 11-year activity irradiance cycles
in the two different approaches.

The spectral irradiance differences between the new estimates and those in PMIP4 are directly traceable to
differences between the NRLSSI2 and SATIRE models, of which the PMIP4 is an average. Whereas the
NRLSSI2 model derives the spectral dependence of the sunspot and facular contributions to irradiance varia-
bility empirically from direct spectral irradiance observations, the SATIRE model estimates these from a
theoretical model of stellar atmospheres.

New versions of the NOAA Solar Irradiance CDR after 1610 are planned as the databases of solar irradiance
observations lengthen, and sunspot and facular proxies and sunspot numbers improve. So too will the
CDR and its extension to 850 be correspondingly revised to account for new understanding of long-term
solar irradiance variability and new cosmogenic isotope irradiance indices.
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