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ABSTRACT

The effects of solar activity on the spectral irradiance have been studied using atmospheric semiempirical
models developed from observations of the various surface features observed on the Sun. From these models,
it has been the long-standing belief that the contributions of active regions to solar irradiance at wavelengths in
the range of 1.2—am is negative; that is, their net effect reduces the overall solar irradiance at these wavelengths
by a small amount. For verifying the validity of the current modeling, we use the observed plage areas to compute
the solar irradiance variations at two bands (centered at 0.516 and Anb%&velength). We compare in detail
the predictions of the models by Fontenla et al. with measurements of the solar spectral irradiance variations
obtained by the Spectral Irradiance Monitor instrument aboardSthar Radiation and Climate Experiment
spacecraft. The data comparison extends over a 6 month period in 2003 that covers several solar rotations. The
comparison indicates that the variations in the short wavelength display good agreement between models and
observations but also that the current models of IR spectral irradiance are inaccurate at the long wavelength.
This disagreement in the IR may be due to the fact that, contrary to the current model assumptions, the presence
of active regions on the disk increases the spectral irradiance at all wavelengths, even pearCoésequently,
the modeling of solar spectral irradiance at wavelengths in the range aroupchlh@s to be revised to match
the new observations.

Subject headings: solar-terrestrial relations — Sun: activity — Sun: atmosphere — Sun: infrared

1. INTRODUCTION 1.63um. Fontenla et al. (1993, 1999) models assumed that the

o . . temperature structures corresponding to plages and faculae
The effects of solar activity on the spectral irradiance have | . e~ nsistent with the “dark faculae” as reported in Foukal

been modeled by several authors using detailed atmospherig,; | (1990) and Moran et al. (1992). However, Moran et al
modelsi ofoeIatukr_eZ tSat ?lrelggésgerveg I(:)n :hel SO'{” Id'slkg'ggor(1992) did note that “much of the magnetized area outside of
exampre, So'anl nruh ( ) and Fontenla et al. ( ) the sunspots in Figure 1 does not appear as dark faculae in the

?refr(]:nraedalmethr?(irfoi %ortnplrJr;untghS(r)I%ri |rr1rad|art1)cer\\:atri|a:]|0nsf1.63 pm image.” Consequently, assigning a decreased tem-
0 odels constructed o malch radiance observations o perature to the entire plage and facula areas derived from

Le‘?qlr ej of the quiet a;nd %Ct:\’e gunb This t!_etter fp_rov:jo_les 4Can K images was perhaps an overinterpretation of the spa-
etailed comparison of model and observations of irradiance ;. resolved observations.

for a time period of several monthsn modeling the spectral In this Letter, we compare the solar irradiance variations,

Isr;%delﬁgcrﬁbég(ljI\\/Ivlgilé;iltesdp?)(;/trt%eafrgafuig:lg?etgda;%r lgggt?or?tmrﬁéestimated using the solar disk decomposition and models from
Fontenla et al. (1099) models and their predecessors (MaltbyFomenla et al. (1999), with current measurements of the solar

) spectral irradiance taken during several solar rotation periods
et al. 1986; Fontenla, Avrett, & Loeser 1990, 1991, 19.93) of the present solar cycle. The comparison is carried out for
assumed that plage and facula contributions to solar irradianc

twavelenaths in the range 1.2 re neqative. with K &wo narrow bands—one at visible wavelengths and one in the
at wavelengtns e range 1.2, are negative, apea IR near 1.6um. These new measurements were obtained by

?egaluive vatlﬁe 3?0;(1”0' 1'|Lgn; ide" thteh presen(ile oflpla_gez_and the Spectral Irradiance Monitor (SIM; Harder et al. 2000) in-
aculae on the disk would reguce the overall Soiar Imadiance g, ment ahoard theolar Radiation and Climate Experiment

at these wavelengths. Earlier models developed by other au'(SORCE) :

i - X A spacecraft (Woods et al. 2000), and they are the first
thors (e.g., Chapman 19.77’ Walton 198.7' Solanki & Br]gljewc bservations in the IR with sufficient precision to determine
1992) are not based on infrared (IR) radiance observations, an rue solar variations

we do not evaluate them in this Letter. Also, Unruh, Solanki,
& Fligge (1999) discuss a modified version of the Fontenla et
al. (1993) model, but also they do not include the IR-observed
contrast. In addition, Solanki & Unruh (1998) computed a syn-  Fontenla et al. (1999) describe a method for synthesizing the
thetic irradiance with modified versions of existing models, and solar irradiance spectrum from ground-based imaging obser-
their results show a neutral behavior in the IR region around vations. Spectra are computed for a set of seven atmospheric
1.6 pm, but they remark that their model was not devised to models weighted by the area and location of the corresponding
account for the observed radiance contrast at these wavelengthseatures on the solar disk. The various atmospheric models
Fontenla et al. (1993, 1999) atmospheric models of faculaecorrespond to the observed solar features, including three mod-
and plages are based on measurements of a few active regionels for the quiet Sun (model A for dim intranetwork, model C
by Foukal et al. (1990), Moran, Foukal, & Rabin (1992), and for average intranetwork cells, and model E for network lanes),
related papers. These observations indicate that portions of thehree models for solar active regions (model H for average
Can K plage regions are not bright but are actually dark at plage, model P for bright plage, and model S for sunspots),
and one model for the bright enhanced network resulting from
! See http://lasp.colorado.edu/pspt. the decay of active regions (model F).
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2. SOLAR ATMOSPHERIC MODELS
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These models use an arbitrary zero height point chosen at 4,
the level of the solar atmosphere where the optical depth at 1 A=1.55 um:
0.5 um is unity at disk center. The range of heights near zero 1 — synthesis (Model P)
is referred to as the solar photosphere and produces the emitted 1 sanchez Cuberes et al.
visible continuum radiation. Emerging continuum radiation at 1 == g=t
wavelengths longer than about Quén is produced in layers § ] =
deeper than zero height. However, this is valid only up to about
1.6 um, which corresponds to the minimum absorption coef-
ficient of H and the deepest directly observable layer (Fontenla
et al. 1999). At still longer wavelengths than L6, the ra-
diation originates in progressively higher layers, reaching the
chromosphere at millimeter wavelengths in part because of an 1
increasing H free-free opacity. Thus, the IR continuum at AR RN LR RN I LN IR UL L

Facular Contrast

1.6 um is produced at the deepest layers of the solar photo- 1.0 0.8 0.6 0.4 0.2
sphere almost 100 km below the zero height at disk center, a u

level believed to be close to the top of the solar convective g 1. IR CLV for model P compared with model Gofid line). The
layer. dashed and dotted curves are from Sanchez Cubres et al. (2002).

The current models for the different features of the quiet

Sun (models A, C, and E) are identical at all depths in the solar normalized to a reference according to the following formula:

atmosphere below the zero height (Fontenla et al. 1999). Like-

wise, model F is identical to these quiet-Sun models below

zero height. However, all models of active region features | =1,y

(models H, P, and S) have a decreased temperature at negative V= o 1)

heights (positive depths) compared with the quiet-Sun models ref

“ IH(])? tiaezn;i:sr;?)?trhodel the temperature values were selecteWherel Is the in;ens_ity and,e_f is the_ seleqted reference. The
Lo . . ?eference used in Figure 1 is the intensity at the same value

to produce emerging intensities consistent with many obser- 4 for model C that represents the quiet Sun. This CLV was

vations showing that sunspots are dark at all wavelengths. How-

computed for the 1.553m band observed by SIM and is
ever, for plages or faculae, the decreased temperature resulteg,minated by the continuum.

from the report by Foukal et al. (1990), and related work, which | this Letter, we use the Fontenla et al. (1999) models and
showed dark faculae at 1.63n. However, Moran etal. (1992)  methods in order to construct the solar spectral irradiance in-
also show that only certain portions of the CK plage regions  tegrated over two narrow wavelength bands. To establish the
are dark, mainly regions close to the sunspots, while other area and location of the solar features, we use tharGa
regions are not dark. Their paper asserts that much of the magimages obtained by the Precision Solar Photometric Telescope
netized area outside sunspots does not appear as dark faculg®SPT; see Coultrer, Kuhn, & Lin 1996 and White et al. 2000),
in 1.63um and describes a statistical relationship with magnetic and we take into consideration not only the area of the feature
flux. but also its location on the solar disk. We use the decomposition
The more recent papers by Sobotka et al. (2000) and Sanchemto annuli described by Fontenla et al. (1999) to account for
Cuberes et al. (2002) confirm these dark plage observationghe CLV for each wavelength band.
and our plage models for the most part. Sanchez Cuberes et

al. (2002) describe the center-to-limb variation (CLV) observed 3. SIM OBSERVATIONS COMPARISON
in an active region at 1.5pm and compares it with the CLV . _ .
observed at 0.&m. The Figure 6 in Sanchez Cuberes et al. In this Letter, we use the first accurate solar spectral irra-

; f diance measurements in the visible and IR carried out in the
2002) displays a negative facular contrast at luBbof about . )
( ) display galy " ¢ " r period from 2003 March to August 2003 the SIM instrument

2% that extends from disk center to abgut= 0.55 , and ou .

Figure 1 shows the corresponding contrast produced by theaboard théS(?F\iICE spacec:jal;t. AIthoughtheTe p[jehrglnary Qatal
Fontenla et al. (1999) model P. The main difference betweenafrfe ntot >t/ﬁt Uy cororlecte t otr ms;run:ﬁnta ag_ 0 servaﬂg_rll_?
the model and observed CLV is that the observed contrast with o> 1oy are adequate to 1nier e raciance varabrity

during solar rotation intervals with strong modulation, such as

respect to the quiet Sun peaks at abgut 0.3 and then de-y, <o during the months of 2003 June and August.

creases to negative values again, while the model contrast con- e analyze two wavelength bands, 0.54@ in the visible
tinues to increase to the very edge of the disk. This turnover \ange and 1.56am in the near-IR. These two bands correspond
of the contrast in the CLV observations is hard to explain with g 3 triangular bandpass with an FWHM of 0.021 and 0,024
simple plane-parallel models such as those of Fontenla et alrespectively. Here we consider a time period of a single solar
(1999). Reproducing the CLV observations may require “hot rotation during the month of June that displays one of the largest
wall” models, which at this point are speculative and hard to jrradiance variations during the early part of 2003. During this
evaluate. In any case, the decreasing contrast at the very limkperiod, there is nearly complete SIM and PSPT data allowing a
of the Sun is not expected to have a major effect because, aslay-by-day comparison of observation and modeled irradiance.

Unruh et al. (1999) note, “the flux contribution beyopd= The modeled spectra are convolved with a triangular response
0.2is very small,” and would not solve the issue that arises in function with the widths mentioned above in order to match the
comparing the observed and modeled solar irradiance. SIM instrument profile.

In Figure 1, we show the CLV computed from the model P The locations and areas of the solar features corresponding
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to each model during these days were identified in the PSPT -500
Can K and red continuum images by decomposing the solar :
disk according to the seven features of the models. The areas L B L B L BN AL B
of the active region features H and P may be somewhat affected 5/30/2003 6/6/2003 6/13/2003 6/20/2003
by the broad band of the PSPT filterQ.25 nm) that includes Date
not only the Cai K line cent_er but also a p?”'on of the ngs; Fic. 3.—Modeled and observed solar irradiance variations during 2003
The sunspot areas and positions are obtained from the red filtegune. The variations are relative to the levels on 2003 May 31, and the zero
at 0.65um, and these areas do not include the penumbrae. (Aline is shown for reference.
drawback of the current modeling is that no atmospheric models
yet describe the penumbrae; by default, model A is currently The observed visible band shows the same qualitative be-
assigned to it.) havior but a larger decrease than the modeling results because
Figure 2 shows the total solar irradiance (TSI) variation as of the presence of sunspot penumbrae. Our modeling does not
provided by theSORCE Total Irradiance Monitor (TIM) com-  yet have a penumbra model to assign, and model A certainly
puted using equation (1) and using the value at May 31 for overestimates the irradiance from penumbra areas. Also, small
reference. The TSI pattern shows the large sunspot aregoores can escape detection in the images, depending on the
crossing the disk that produces a local minimum in irradiance highly variable image quality and scattered light, and may be
corresponding to the maximum projected sunspot area and theassigned model A or model C depending on their size. Thus,
irradiance increase as the active region areas approach the limithe current synthesis underestimates the effects of penumbrae
In Figure 3, we compare the SIM data with the model data and pores, and this affects the depth of the minimum, and
for the two spectral bands. The relative irradiance variations probably somewhat the reference level used, because isolated
in Figure 3 are computed again according to equation (1), buthigh-quality images display extensive penumbrae of these
with | representing the spectral irradiance apdahe available “delta sunspot groups” as well as a number of small pores
reference level. Since quiet-Sun irradiance is not yet observedaround the main spots.
again the reference level was chosen to be that on May 31. We Figure 3 also shows that the model calculations at the
stress that both the area of the features and their location onl.563 um band do not behave like the observations after the
the disk are important because of their CLV (e.g., in the visible, sunspot minimum, because the observed maximum is not re-
faculae have zero contrast at disk center but turn brighter asproduced by the modeling. Again we stress that our modeling
they approach the limb). This CLV of each of the features is is taking into account the facular contrast and CLV consistent
properly accounted for by the Fontenla et al. (1999) spectral with published values, and thus this disagreement is not due
irradiance synthesis method. to incorrect models but reflects a not yet understood effect.
The top panel of Figure 3 shows the computed and observed There is considerable noise in the synthesis data because of
variation at the 0.51m visible spectral band as a function an inadequate determination of the areas and positions of fea-
of time, and the bottom panel of Figure 3 shows the 1.5%3 tures, the sparseness of the PSPT data, and intrinsic problems
IR spectral band. The two wavelengths of the SIM data basi- of image quality. Also, the yet unrefined noise of the SIM data
cally show the same characteristics as the TSI after the timeproduces scatter in the observations. Consequently, the values
of minimum irradiance, although the 0.516n band has a in the figure should not be regarded as definitive but are used
larger amplitude and a slower decrease before the minimum.only to illustrate the trend in the models and the observations.
The visible shows this slow decrease because in this particularDespite the noise, it is clear that the synthesis at 1.&%3
case, the sunspot is leading the plage within the active region,does not reproduce the observed behavior. More studies are in
and the brightening of the trailing plage somewhat cancels theprogress that will further reduce the noise of the SIM-processed
darkening of the sunspot as the two move onto the solar disk.data, and as the solar minimum approaches a better reference
After the irradiance minimum, these two effects reverse, and value for the quiet Sun, irradiance will be established.
the sunspot deficit is removed while the plage brightness con- The observed IR irradiance variation tracks the variation in
tinues to increase, giving rise to the second larger peak inTSI, and in fact even better than the visible variation in many
irradiance. details, but the amplitude of the variations is larger at 0416
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than at 1.553:m. A similar pattern is displayed by other solar model predictions of IR irradiance variations are incorrect and,
rotations during the 2003 March—August time frame and at other consequently, that the models need to be changed and that solar
wavelengths in the visible and IR. We conclude that the differ- variability estimates for the IR should be revised accordingly.
ences between the model and the observations shown in FigThe assumption that all faculae and plages are dark needs to
ure 3 are not an isolated event but are very common for mostbe carefully examined by relating the brightness at various
active regions. wavelengths with the magnetic field vector strength and ori-
entation with respect to the solar radius. We stress that most
plage and facular areas display strong horizontal fields, often
larger than the vertical fields, and in these conditions, models
Present estimates of irradiance variability have been basedf vertical flux tubes cannot adequately describe the physics
on the assumption that most, or all, plage regions appear darknvolved. Indeed, a sophisticated analysis of MHD with radi-
at 1.6 um. Consequently, modelers predict that at solar max- ative transfer in the photosphere under the presence of complex
imum, the irradiance at wavelengths around,n6is decreased = magnetic fields is still a challenge but would be very useful
with respect to the quiet-Sun value. These calculations werefor understanding active regions.
based on the Fontenla et al. (1999) models, or earlier and similar A possible explanation for the observed irradiance near
models, which have a decreased temperature with respect td..6 um is that some areas within plages and faculae may be
the quiet Sun at heights below the arbitrary zero referencewarmer than the average quiet Sun in the deep photosphere,
height for the faculae and plage features and reproduce theand if they overpower the dark faculae, they may produce a
observed facular CLV up to about= 0.3 . Other calculations, netincrease in IR irradiance. This explanation and the intrinsic
like those used by Solanki & Unruh (1998), predict basically difficulty in setting an accurate photometric reference in high-
zero contrast at IR wavelengths, but they use facula modelsresolution solar images can explain both the observations of
that are not consistent with CLV observations of facular con- dark faculae and also the IR irradiance variations after the
trast (e.g., Moran et al. 1992; Sanchez Cuberes et al. 2002)sunspot minima. Alternatively, it is possible that around active
Yet other models (e.g., Walton 1987) may explain the observedregions, an extended but very low contrast region bright in the
maxima in the IR facular contrast by resorting to “hot wall” IR (with respect to the quiet Sun) could produce the observed
and “flux tubes,” but so far they have several undetermined IR irradiance enhancement. This explanation has the advantage
parameters, and they lack adequate treatment of the MHD,that it could also explain the local maxima just before the
energy balance, and radiative transfer that is expected in suctsunspot minimum by a region that may not share all the spatial
complex geometries. In any case, the prediction of IR varia- location of the plage.
bility by flux-tube models still needs to be assessed, butitseems Physical explanations for an IR enhancement, considering
unlikely that it will provide results with different qualitative the dispersion of the heat flux blocked by the sunspots, are
behavior from the plane-parallel models near ib. possible and may rest on the energy transport by radiation and
The new observational data confirm that the irradiance var- upflows that are often displayed in the less magnetized portions
iations at visible wavelengths make the Sun’s color a bit bluer of active regions. In any case, more work needs to be done in
when active regions are present on the solar disk because théoth the observation and modeling of active regions in the deep
shorter wavelengths vary more than the longer visible wave- photosphere, and we expect that SIM observations will make
lengths. However, we find unexpected enhanced spectral irra-a significant contribution in this regard.
diances at IR wavelengths, near the minimumdtpacity, due
to the passage of active regions. We have also studied other We thank the referee for helpful comments and references,
wavelengths in the visible and IR that display the same basicChris Pankratz for th&ORCE data processing, and the High
behavior. The TSI variations exhibit a mix of features from Altitude Observatory PSPT team (in particular, Mark Rast and
both the visible and IR spectral ranges and, in some respectsRandy Meisner) for supplying the PSPT images and analysis
seem closer to the IR. tools. This work is supported by NASA contract NAS5-97045
We conclude that the recent SIM observations show that at the University of Colorado.

4. CONCLUSIONS
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