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Lyman-a Spectral Irradiance
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TLPC2E, UMR 7328 CNRS, University of Orléans, Orléans, France, 2Laboratory for Atmospheric and Space Physics,
University of Colorado Boulder, Boulder, CO, USA, 3Max-Planck-Institut fiir Sonnensystemforschung, Gottingen, Germany

Abstract we propose a simple model that computes the spectral profile of the solar irradiance in the
hydrogen Lyman alpha line, H Ly-a (121.567 nm), from 1947 to present. Such a model is relevant for the
study of many astronomical environments, from planetary atmospheres to interplanetary medium. This
empirical model is based on the SOlar Heliospheric Observatory/Solar Ultraviolet Measurement of Emitted
Radiation observations of the Ly-« irradiance over solar cycle 23 and the Ly-a disk-integrated irradiance
composite. The model reproduces the temporal variability of the spectral profile and matches the
independent SOlar Radiation and Climate Experiment/SOLar-STellar Irradiance Comparison Experiment
spectral observations from 2003 to 2007 with an accuracy better than 10%.

1. Introduction

The solar hydrogen Lyman alpha line, H Ly-a (121.567 nm), is the most intense line of the solar spectrum, and
it affects many environments, from planetary atmospheres (e.g., on Mars as recently studied by Bougher et al.,
2017; Thiemann et al,, 2017) to the interplanetary medium (e.g., Bzowski et al., 2013; Koutroumpa et al., 2017).
Theintegrated Ly-a irradiance changes by nearly a factor of 2 over the solar cycle, and there are also significant
changes to the line profile with time (Curdt & Tian, 2010). It is therefore essential to know the variations of
full Sun-as-a-star (irradiance) integrated line flux, as well as the variations of the irradiance within its spectral
profile, where the flux varies by 2 orders of magnitude within 0.15 nm.

There is a small set of observations of the Ly-« irradiance profile and even fewer measurements of its temporal
variation. Philippe Lemaire and colleagues (Lemaire et al., 1978, 1998, 2005, 2015), first using the Laboratoire
de PHysics STelaire et Planétaire’s instrument on the Orbiting Solar Observatory 8 and later the Solar Ultra-
violet Measurement of Emitted Radiation instrument on the SOlar Heliospheric Observatory (SOHO/SUMER;
Wilhelm et al., 1995), have obtained the only such observations to date. Recently, they have published ahomo-
geneous data set of Ly-« irradiance profile covering a solar cycle (Lemaire et al., 2015), which, however, consists
of only 43 observations.

Furthermore, physical modeling the line profile of Ly-a is known to be difficult, because it needs 3-D radia-
tive transfer with nonlocal thermodynamic equilibrium and partial redistribution. Sukhorukov and Leenaarts
(2017) have recently tackled this problem, showing first results for the Mg Il h & k lines, but there are still no
convincing results that compare nicely with the observations and no attempt to our knowledge to model the
full-disk Ly-a profile.

In this context, the data set provided by Lemaire et al. (2015) is extremely precious. It has been used up to now
to derive empirical relationships between the irradiance in the line core and the integrated irradiance (see
Figure 7 of Lemaire et al. (2015)). In this paper, we use these observations to derive a proxy-based empirical
model of the full Ly-a irradiance profile with a spectral resolution of 0.001 nm. In section 2, we present and
perform a detailed analysis of the data sets, as well as compare it with other observations. In section 3, we
describe the model and its outcome and evaluate its performance.

2. The SOHO/SUMER Lyman-a Irradiance Profile

The SUMER instrument is a telescope and spectrometer onboard SOHO, designed to investigate features and
dynamical processes in the solar atmosphere with a high spectral and spatial resolution (Wilhelm et al., 1995).
The accessible wavelength range from 50 to 161 nm includes the Ly-a that contributes 75% of the entire
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Figure 1. (left panel) SOHO/SUMER Ly-a integrated irradiance versus time. Colors correspond to Ly-« irradiance and are
used in right panel. (right panel) Ratio of all profiles to the last one (April 2009). The Ly-a spectral profile is shown for
reference in arbitrary units in gray dashed line. The central wavelength is 121.567 nm.

emission in that spectral range. On both sides of the SUMER detector a vignetting grid serves as 1:10 attenu-
ator and reduces the on-disk photon flux to a nonsaturated level. Unfortunately, the attenuator also exerts a
modulation on the line profile, which makes it difficult to interpret these data.

In his Sun-as-a-star program, Lemaire et al. (1998) deduced the average line profile of the solar irradiance
by off-pointing from the Sun and measuring the scattered light from the primary mirror. Such observations
were repeated 43 times during solar cycle 23, from 1996 to 2009. The overall data set is presented in Lemaire
etal. (2015). The SUMER spectral pixels span 0.0042 nm, but because of the undersampling of the instrument,
centroid techniques allow (for not too narrow lines) to reach subpixel resolution down to 0.001 nm. The final
calibration uncertainty is estimated to be +15%.

Figure 1 (right panel) shows the variations of the Lyman-« profile as the ratio of all profiles to the last profile
observed (during solar minimum, April 2009). We first use this curve to discuss the main feature of the spectral
and temporal variations and then to point out some possible artifacts. It can be seen from the right panel of
Figure 1 that the overall profile increases with solar activity, although the strength of the increase depends
on wavelength. Irradiance in the line core increases more than at other wavelengths. The far wings (around
+0.08 nm) display a larger increase than surrounding wavelengths, and there is a stronger increase in the
red wing than in the blue wing. This last difference in particular cannot be captured by a scaling relationship
between the total line irradiance and line center irradiance as proposed by Emerich et al. (2005) and Lemaire
etal. (2015).

The profiles acquired during solar minimum in 1996 and 2009 generally agree with each other. However, there
are a few cases where profiles acquired at activity minima significantly differ and display strong (~20-30%)
variations near the core line and/or very strong increase in the red wing. This is in particular the case for the
first observed profile and for three other profiles acquired in 1996, at a position very far from the solar disk, at
X = +1,200arcsecand Y = +1, 500 arcsec (Lemaire et al., 2015). One can also note for some days a very strong
increase of the red wing (above + 0.07 nm; see in particular the red, yellow, and purple curves). Examination
of SOHO/MDI magnetograms and Extreme ultraviolet Imaging Telescope (EIT) images from these days shows
no explanation for the differences in line profiles observed by SUMER.

We further investigated the temporal variation of the spectral profiles by looking at the correlation between
the Ly-a spectral irradiance and different solar proxies or measurements, as shown in Figure 2. As expected
for ultraviolet irradiance, the correlation with total solar irradiance is poor. The correlation is generally good
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with the other proxies but best with the integrated Ly-« irradiance compos-
ite (Woods et al., 2000). Facular proxies (Mg Il index, Magnetic Plage Strength
Index, and the Ly-a composite) have a better correlation at all wavelengths
within the profile than sunspot proxies (daily sunspot area), probably reflect-
ing the fact that Ly-a is mostly formed in the chromosphere. We found that
fitting to a combination of proxies did not give a better result than fitting to
Ly-a irradiance alone, so we will use the Ly-a proxy alone to drive our model.

The correlation is the highest in the core of the line but has a short dip at
+0.04 nm from the line center. This dip is more pronounced in the blue wing,
and the correlation drops rapidly at wavelengths larger than +0.05 nm from
the line center. The loss of correlation at wavelengths longer than +0.05 nm
is partially caused by the few profiles that have an enhanced red wing while
activity is low and are mentioned above. The profiles with an enhanced red
wing are excluded for the computation of the correlation coefficient shown

Ly—a

Figure 2. Correlation coefficients between Ly-a spectral irradiance and
different solar proxies. Dashed lines show the correlation computed
without the profiles having a clear strong red wing. TSI = total solar

-0.15-0.10-0.05 0.00 0.05 0.10 0.15
A—=X, [nm]

in dashed lines in Figure 1. With these exclusions, the correlation clearly
improves but still tends to decrease when going in the far red wing.

The reason that some solar minimum 23/24 profiles differ from others is
unclear. SUMER was at its best in the early SOHO years, and we found no cor-
relation for affected profiles with pointing or which detector was used. One

irradiance; DSA = daily sunspot area; MPSI = Magnetic Plage Strength possible reason is the presence of second-order lines forming in the transi-

Index; Ly-a = Lyman alpha.

tion region. In particular, the strong O IV 60.8397 nm line (121.6794 nm in

second order) and the Mg X line at 60.97944 nm could both affect the red
wing. These transition region lines are expected to be more sensitive than Ly-a to transient solar phenomena,
and O IV emission in sunspot spectra has been observed to be very strong and variable (Curdt et al., 2001).
This could explain why only some spectra are affected. We have therefore decided to exclude the affected
profiles for building the model. The excluded profiles are (1) four profiles displaying large variations in the
line core (acquired the 26 May 1996, the 10 June 1996, the 27 July 1996, and the 15 September 1996), (2) four
profiles having an extreme red wing (22-26 August 1996 —three profiles and 4 December 1997), and (3) the
wavelengths above 0.072 nm from line center only for the profile acquired on 22 August 2002, which has an
extreme red wing. There are still 10 observations in 19961997 that show significant variability.

3. Model Description and Results

3.1. Model Description

We modeled the Lyman-« irradiance profile in a simple way, by performing a linear least squares fit of the irra-
diance at each wavelength with the proxy that had the best correlation, that is, the Ly-« integrated irradiance
composite

I(A,t) = ag(A) + a; (1) X Lya(t) M

where I(4, t) is the irradiance at wavelength 4 within the profile for day t, a, and a, are the regression coeffi-
cients, and Lya(t) is the value of the Lyman-« integrated irradiance composite on day t. This choice is driven
by the performance of the model. We attempted to first fit each profile with various analytical expressions:
linear+two Lorentzian+Gaussian functions, linear+Voigt+Gaussian functions, and linear+Kappa+Gaussian
functions, but none of these combinations are able to reproduce the observed profiles as well as our
wavelength-by-wavelength correlation. As an example, the combination of Kappa-+Gaussian+linear functions
does not reproduce the line wings (i.e, more than +0.05 nm from line center) to better than 20%. More
importantly, the ratio of the fits to the observations within +0.05 nm of line center on any given day shows
oscillations with an amplitude ranging from 5% to 15%.

The simple and direct linear regression of the observed profiles with the Ly-a composite appears thus as the
best solution (let us note that we did not find any nonlinear relations that improve the fitting of I(4, t) versus
Lya(t)). The coefficients of the linear regression are shown in the left panel of Figure 3, together with their
uncertainties which are less than 1% for a, and of the order of 1%-4% for a,. Neglecting the 15% uncertainty
from the SUMER absolute calibration, the resulting 1o uncertainty of the modeled profiles can be estimated as

Ui, 1) = \/ U2(ag(4) + (U(a, () X Lya(t))? )
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Figure 3. (left panel) Model coefficients. The shaded areas represent the 16 uncertainties. (right panel) Ratio between
the fitted and observed profiles. The gray dashed lines mark the +10% level.

This computed uncertainty is below 10% in the wing, rises to 40% around = 0.04 nm, where the correla-
tion is the worst (see Figure 1), and is below 25% in the core of the line. However, we show below and in
the next section that the profiles observed by SOHO/SUMER and SOlar Radiation and Climate Experiment
(SORCE)/SOLar-STellar Irradiance Comparison Experiment (SOLSTICE) are reproduced with a much better
accuracy, which suggests that this uncertainty is overestimated and that the relative variability is much better
reproduced.

The ratio between the modeled and observed profiles, shown in the right panel of Figure 3, is below 10%
to the exception of about 8% of the data points. The largest disagreements (15%-20%) occur for the far red
wing. The daily relative error

N
_ l |lm0d(;li7 t) - Iobs(/li’ t)l
W=y T 3)

i=1

between the model and all SUMER Lyman-a irradiance profiles has an average value of 5.5% (4.2% without the
profiles excluded for the fitting procedure). The maximum error is obtained for profiles excluded in section
2: 11% on average with a maximum of 20% for the profile acquired on 15 September 1996. The maximum
error for the profiles used to build the model is 9.2%. This very good agreement simply reflects the correlation
between each wavelength and the Ly-a composite.

Figure 4 (top panels) shows the output of the model in the form of time series of the spectral irradiance within
the Ly-a profile from 1947 to 2017. As expected, the spectral irradiances follow both the cycle and rotational
variability of the Ly-a composite. There are, however, differences between wavelengths; one can note in par-
ticular the larger variability of the red wing and the core, already noted from the observed profile shown in
Figure 1.

In the bottom panels of Figure 4, we investigate the relation between the central spectral photon irradiance
and the total photon irradiance in the modeled profiles. The model generally agrees with the linear relation
found by Lemaire et al. (2015), which is an update of the one found by Emerich et al. (2005). The relation that
best fits the model’s results is

Ly@cener = —1.037 + 1.089 X Lya 4)

where Ly e, is expressed in 10'? phot/cm?/s/nm and Lya in 10" phot/cm?/s. While it clearly better
describes our model (in particular the change of the slope is noticeable), it must be stressed that the
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Figure 4. (top panels) Modeled time series of Ly-a irradiance spectral profile. Each color corresponds to a wavelength, as
indicated in the upper right figure. (bottom panels) Correlation between the line irradiance and central irradiance as
observed in the model, together with the analytical relationships from Emerich et al. (2005) and Lemaire et al. (2015).
The right figure shows the ratio of the model to the analytical relationships.

differences are within the uncertainty with respect to the relation found by Lemaire et al. (2015) (Ly@center =
0.968(+0.070) + 1.074(+0.016) X Lya).

3.2. Comparison With SORCE/SOLSTICE Observations

We use the Lyman a composite based on Woods et al. (2000) as the calibration reference for our model. The
composite has been extended to the current time using measurements from the SORCE (Rottman, 2005) and
SOLSTICE (McClintock, Rottman, et al., 2005) and will continue into the future using data from the extreme
ultraviolet sensor of the Geostationary Operational Environmental Satellite-R series (Eparvier et al., 2009).
SOLSTICE was calibrated before launch with an accuracy of 5% at Lyman-a (McClintock, Snow, et al., 2005) and
uses bright stars to maintain the calibration with an uncertainty of about 0.3% per year (Snow et al., 2005). The
Woods et al. (2000) composite uses the SOLSTICE | instrument from the Upper Atmosphere Research Satellite
(Rottman et al., 1993) for its overall calibration.

There are only 6 days where observations were performed by both SUMER and SORCE/SOLSTICE, and both
instruments agree to within their respective statistical uncertainties (after degrading SUMER observations
to SOLSTICE's 0.1 nm resolution). We stress that, except for absolute irradiance level (the SUMER profiles are
calibrated using the Ly-a composite), these are two independent observations. The left panels of Figure 5
show the comparison of modeled profiles with profiles observed by SOLSTICE for high and low solar activities.
The agreement is generally very good for the two levels of activity and over the 2 orders of magnitude of the
spectral irradiance profile. One may note a small disagreement on the red wing.

This is further investigated in the right panel of Figure 5, which shows temporally averaged ratios of the mod-
eled profile to the ones observed by SORCE/SOLSTICE. The average ratio from 2003 to 2007 (1,753 profiles) is
shown as a solid line, while the dotted and dashed lines show the average ratio for low and high solar activi-
ties (Ly-a integrated irradiance below 6.10~3 W/m? and above 8.10~3 W/m?, respectively). The modeled and
observed profiles generally agree within 10%, to the exception of the red wing at wavelengths longer than
0.08 nm from line center, where the agreement falls to a factor of 2. The origin of this discrepancy is unclear.
We have checked that this is not caused by the exclusion from the fitting procedure of the SUMER profiles hav-
ing a flux excess in the red wing. Including these profiles to build the model causes the model to overestimate
the SOLSTICE observations over the whole profile, but the shape of the ratio and in particular its decrease in
the red wing are preserved. We therefore cannot conclude here if this comes from the inability of the model
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Figure 5. (left panels) Comparison of modeled profile (full resolution in blue, convolved with the SOLTICE point spread function in green) and SOLSTICE profile
(black) for high (top panels, 27 April 2003) and low (bottom panels, 8 July 2007) solar activities. (right panel) Ratio of the modeled profiles to the SORCE/SOLSTICE
observations. The plain line shows the average ratio over all SOLSTICE profiles, and the shaded area corresponds to 16 variation of the ratio value. The dotted line
shows the average ratio for low solar activity and the dashed line for high solar activity.
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to reproduce the actual solar variations or to an instrumental artifact of SUMER or SOLSTICE. Note however,
that only 2.2% of the integrated irradiance comes from wavelengths above +0.08 nm.

Furthermore, it can be seen from the right panel of Figure 5 that this underprediction of the red wing, with
respect to the SOLSTICE observations, is less important at high solar activity, while the blue wing is slightly
enhanced at lower activity. Here again, it is difficult to conclude if this comes from the instruments or from the
model itself. Generally, for all other wavelengths, the model can reproduce the SOLSTICE observations with
an uncertainty better than 10%.

4. Conclusion

We have proposed a simple empirical model for reproducing the spectral irradiance profile of the strong
solar H Ly-« line. The model is based on SOHO/SUMER observations and uses the Ly-a composite as proxy.
Before building the model, we performed a detailed analysis of the observations and have excluded a sub-
set as described in section 2. The modeled irradiance profiles agree with the SORCE/SOLSTICE observations
with an uncertainty better than 10% over the period 2003 -2007. The daily Ly-a profile, from 1947 to present,
is available on the Laboratory for Atmospheric and Space Physics Interactive Solar IRradiance Datacenter
(http://lasp.colorado.edu/lisird). The coefficients of the model are available as supporting information of
this paper.
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