Contents

1 Proposal Summary C-1
2 Introduction C-1
3 Global indices of solar variability C-3
4 Solar Microwave Variability c-4
4.1 TheScomponent . . . . . . . . . . . e e e Cc-4
4.2 Comparison of F10.7 with other indices in 2008-2009 . ...... . . ... .. .. C-5
4.3 Polarbrightenings . . . . . . . .. . .. . e C-6
4.4 Behavioroffaculae . . .. .. .. .. . .. ... ... C-7
5 Secular variation of sunspot properties? C-8
6 Summary C-10
7 Research Plan C-10
7.1 FirstYear . . . . . . . e C-10
7.2 SecondYear . . . . . ... e C-=10
8 The Investigators C-11
9 References Cited D-1



SCIENCE/TECHNICAL/MANAGEMENT

1 Proposal Summary

¢ Objectives and significanceWe investigate the origins and implications of the F10.#&ind
of solar activity as a guide to the nature of the solar magrgtile. This index has provided
the cleanest view of the onset of Cycle 24 and is thus the neositsve of the existing global
indices.

e Technical approach and methodology:We study time series of F10.7 in the context of
other indices showing the solar cycle, including multinlamgth observations from Japan.
In addition we make use of the Nobeyama Radioheliographreésens at 17 and 34 GHz
to understand the physical origin of the F10.7 increase skeamnly from 2009 in the general
absence of spots.

e Perceived impact: F10.7 provides an exceptionally clear indication of solalic varia-
tion during minimum periods. The exceptionally low actMievels during the current solar
minimum reveal it to have the least confusing competitiore ¢&n take advantage of this
to disentangle the physical sources of the F10.7 variadod, implications for total solar
irradiance (TSI), in the absence of spots or even much plage.

e Relevance:This proposal responds to NASA's Strategic Goal 3B, “Untéerd the Sun and
its effects on Earth and the solar system.” Specifically esearch is directed towards an-
swering the question "How and why does the Sun vary?”

e Plan: We propose a two-year effort. Thiest yearwill basically be devoted to calibrating
and comparing global solar indices during the current mimmDuring thesecond yeawe
hope to identify the cause of the new-cycle increase of FMhich has happened prior to
sunspot formation this time, and to apply this knowledgétoghotosphere (TSI, shape) and
to interior dynamics.

2 Introduction

Since 1947 we have routinely measured the flux of microwanga the Sun at wavelengths be-
tween 3 and 30 cm (frequencies between 10 and 1 GHz). Thisemisomes from the uppermost
chromosphere and the low corona and has multiple sourcestwidhmost important mechanisms
are thermal bremsstrahlung (free-free emission) and thlegyroemission (essentially the same
physics, but due to electron acceleration on the magnelit; fether than on plasma ions). These
mechanisms give rise to enhanced radiation when the tetoperaensity, and magnetic field in-
crease, so the microwave radiation is a good measure ofgeswar activity. As strong magnetic
fields are located in specific regions that can live for weekbadten recur at or near the same loca-
tion for months (perhaps even years), there is a strongoatdtsignal in the emission superposed
on a solar cycle variation of a background activity level.sAtar minimum, especially a deep one
as we now experiencing, the effect of active regions largidappears and we observe a sort of
“solar ground state.”



As the radio flux measurements (as opposed to the sunspotemuianie less dependent on
(human) observers and their observing techniques, andibedthey are relatively immune to in-
strumental and atmospheric differences, they may be a amgtmore objective measure of solar
activity (to the extent that we can reduce this complex cpht®a single number per day). The
decades-long flux record could throw light on the importastie of the long-term variation of solar
activity. The solar microwave flux measurement is absolotgking an absolute measurement is
always difficult and considerable uncertainty and debate@sanded these measurements early on,
before being settled by international cooperative workhim late 1960s (Tanaka et al., 1973). By
observing the radio flux from supernova remnants (CassaefeCygnus-A, and Virgo-A) one can
verify the constancy of the calibrations derived from spkpurpose receivers.

The longest-running series of observations is that of thé & (2800 MHz) flux (often simply
referred to as F10.7) started This was initiated by A. E. @gton in Ottawa, Canada in April
1947 and is maintained to this day (and hopefully much IongePenticton, British Columbia
(Covington and Medd, 1954), with the current observatiagiadp made by K. Tapping. There are
three measurements per day with small systematic (andyponderstood) differences. One can
either average all three, or as in this work only use the nadue(for Penticton at 20:00 UT, since
1991). Figure 1 shows how F10.7 is varying during the (cujr@ycle 23/24 minimum period,
along with other key indices.
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Figure 1. Four key global solar indices during the Cycle 23t&@nimum: upper, the total solar
irradiance (TSI) from SORCE/TIM (Kopp et al., 2005); lowEd,0.7; lower still, mean magnetic
flux (MF); bottom, sunspot number (SSN). F10.7 (second frap) has been increasing since about
the beginning of 2009.

Layout of the proposal: In Section 3 we give an overview of the indices used to chareet
solar-cycle variabiility. In Section 4 we describe the basan, which is to take advantage of the
unusual conditions in the Cycle 23/24 minimum to learn albewt forms of solar global variability,
making use of the existing microwave observations but witcgl care taken in understanding
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Table 1: Solar Global Indices

Index Nature Source

TSI Total Solar Irradiance Various spacecraft (e.g. SORCE)
F10.7 Microwaves Dominion Radio Astrophysical Obserwator
SSN Sunspot number Various ground-based measures
Sunspots Areas San Fernando, USAF, others
Plage Index Ca plage area San Fernando

MF Mean magnetic flux Wilcox Solar Observatory

Call UV spectrum Mt. Wilson

Mg 1 EUV spectrum Satellite

PSI Photometric sunspot index Various

MWPI , MWSI Various measures Mt. Wilson Solar Observatory
MWO Various measures Wilcox Solar Observatory

Radio Fixed frequencies RSTN, Japan

Solar Wind Density, speed, Betc. Various spacecraft

Geomagnetic proxies Composites Terrestrial magnetometer
Heliospheric Cosmic rays Neutron monitors

their calibrations and those of the indices we compare wially in Section 5 we discuss a
remarkable set of observations that we speculativelyedtathe unusual behavior of the current
minimum period, namely the possibility sécularchanges in sunspot properties.

3 Global indices of solar variability

The solar cycle, as discovered by Schwabe, made its apmedtaown via the systematic variation
of sunspot properties. We continue to characterize sotahéity with sunspot area measurements
and with derived sunspot numbers (SSN) defined in differeaytsw Since Schwabe’s day, many
new signatures of the solar cycle have emerged. We beliavéb best of these indices, in terms of
sensitivity and stability of calibration, come from the muwave observations for reasons described
in Section 4.1. The most-studied of these is the widely use€ti#index (the standard total solar
flux density at 10.7 cm wavelength or 2.80 GH), but there i®iothformation across the radio
spectrum. Table 1 lists many of the most important indicepr{Biary ones and 7 other more
complicated ones).

Relating the other signatures to TSI may help to underst@nghiysical nature. The standard
decomposition of the TSI signal into quiet Sun, spots, plagel active network (e.g. Hudson,
1988) does not appear to work well during these conditiohg. uality of the data justify an effort
to extend this decomposition, ie to identify the sources$®ifvariation during a “super minimum”
of the Cycle 23/24 type.

In general a major objective of the proposed activity is tpriave our quantitative knowledge
of these indices. The variations of some are so large thaEawth distance corrections are actually
unnecessary, but others are much more subtle. For the EBlassmeasured on SORCE (Kopp et
al. 2005) this correction needs to be made orbit-by-orbi, #e residuals may have precisions in
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Table 2: Variation at 23/24 minimum, peak-to-peak

Index Large excursion Rotation Background
TSI 331 ppm ~100 ppm? ~30 ppm
F10.7 30% <10%7? ~3%

SSN NA NA NA

the parts-per-million range. For our chosen prime inde&,Rf0.7, the precision is such that the
monthly means for the the most recent year have a standaratidevbelow 1 SFU (one SFU =
10-22 W(m?Hz)™ 1), of order 1%. In spite of these very different variation ditoples, each index
sensitively shows the presence of plage (F10.7) or factl&d.(From Figure 1 we can read off the
approximate amplitudes during the Cycle 23/24 minimumqzgras listed in Table 2; we return to
a discussion of these variations in Section 4.2.

The fixed-frequency radio observations from Japan provideraler-utilized resource. Since
the 1950s these observations, at frequencies 1, 2, 3.79,41@&Hz, have continued uninterrupted.
They are calibrated absolutely by reference to a pyramioiad receiver, for which there is a com-
plete theoretical description (Tanaka et al., 1973). Thespiencies span the part of the spectrum
most sensitive to gyroresonance (Figure 2, left), and walefore help in disentangling this com-
ponent (if any) of the microwave emission at 10.7 cm or 17 GHz.

4 Solar Microwave Variability

4.1 TheScomponent

The solar radio continuum reflects any emission from thetdsim, plus what has traditionally
been called theS-component” § for "slowly varying”). The contributions to th&component
are predominantly free-free emission, with some level aftgbution from thermal gyroresonance
emission in the cm wavelength range (Kakinuma and Swarug;1Papping, 1987; Tapping and
Detracey, 1990). The solar brightness temperature in theange is of order 10K, which reflects
the average temperature of structures at 1 distributed across the features that we know about
(quiet Sun, network, plage, etc). The gyroresonance coemggroduces a spectral excess in the
few-GHz range, as seen in the early results of Figure 2 (If& note that modern observations with
the Nobeyama Radioheliograph are at 17 and 34 GHz, wouldhesalpurely free-free emission;
see White et al. (2006) for a discussion of the quiet Sun at rarelengths. Figure 2 (right) shows
an image example, taken from the 10-minute archive data.Sld@mmponent sources can be seen
as bright plage near the equator; the image shows many ahturés, including polar faculae,
filaments, and Venus.

The free-free component of F10.7 comes from the simple saidung mechanism for which
the optical depth scales a§T%/2. As a result, for a given line of sight, the observed totajbimess
temperature can be readily calculated from the run of teatpex and electron density as a function
of height. The problem is that well-understood models ofdizlgamic atmospheric structures in
plage, network, and sunspots are not readily availablegast Ifor cm wavlengths; Loukitcheva
et al. (2004) and White et al. (2006) discuss these problenthé mm-wave continuum.
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Figure 2:Left: The spectrum of th&component, as measured by Kakinuma and Swarup (1962).
Right: An image from the Nobeyama Radioheliograph at 17 GHz, shgpaaveral features includ-
ing the planet Venus (dark object at lower left); image oB808JT 8 June 2004. Th&component

at maximum comes mainly from the active regions (the brigiatrrequatorial sources here).

The gyroresonance mechanism renders the corona optibatly in thin layers at locations
where the gyrofrequency is a low subharmonic of the obsgrirequency. As a result there are
localized regions of high brightness temperature continigLto the integrated flux.

Nobeyama observations cover the past two minimum periaus,‘@ormal” one and the cur-
rent one. File images from solar minimum show very littletwé structure seen in Figure 2 (right)
and we do not know at present know how to identify 8xs@omponent at minimum. This is a ma-
jor objective of the proposed effort, since this compongmears to have been far more sensitive
than other measures in terms of showing the increase at et ohCycle 24, as described below.
Nobeyama radioheliograph observations are at a suffigibigh frequency that at solar minimum,
gyroresonance effects are not important. Therefore thetsgmlovide a daily, calibrated and objec-
tive record of the sun’s free-free emission from which itatsad characteristics (and their variation)
can be inferred.

4.2 Comparison of F10.7 with other indices in 2008-2009

Figure 1 compares total irradiance from SORCE, F10.7, aadtimspot number SSN. It is clear
from this figure that daily or monthly averages of SSN underditions this inactive are not very
precise. The other two indices show well-measured vanatibut mostly different ones. “Well-
measured” here means with small scatter from point to psanthat the variations are well resolved
— note that this does not apply to SSN because of the lack ¢$.spbe standard decomposition
of the TSI signal into quiet Sum, spots, plage, and activevorit (e.g. Hudson, 1988) does not
appear to work well during these conditions. The qualityhef data justify an effort to extend this
decomposition, ie to identify the sources of TSI variatiomidg a “super minimum?” of this type.
The present minimum period displays strikingly differemtrhs of solar variability as compared
with more normal times. Figure 1 intercompares TSI as seeB@RCE since the beginning of
2008, with F10.7, the sunspot number SSN, and the mean madjeet MF. The very infrequent
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sunspot occurrences give the SSN variation an on/off cterd®ecause the sampling is limited by
the detectability of discrete spots, and it must be nonalirme in some sense noisier during times of
low activity. F10.7 and the TSI, on the other hand, show cwus variability at 1-day sampling,
so we can examine the fluctuations in detail. We note thevidig features:

F10.7 leads the other indices in clearly showing the uptutm Cycle 24.

TSI does not reflect the F10.7 increase; there is no cleam@rore of sunspot-related dips
that might be associated with plage development.

TSI shows rotational modulation, but wittegativeexcursions even in the absence of spots.

F10.7 shows steady periods of extremely low variance evale Wtsl exhibits clear rota-
tional modulation.

These properties suggest that the plage-like componentSbmight be more important at
solar minimum. These occur even in the absence of sunsjawedeTSI “dips” (Willson et al.,
1981), as would be expected from the morphology of spot aagiabccurrence. Enhanced network
(e.g. Zwaan, 1987) might also be suggested as the origineof 81 modulations, but in that case
why does F10.7 not show them? Numerous ephemeral regionsdak to detect individually
might also be invoked, but in this case why does TSI not refleetrise seen in F10.7? These
considerations imply that our standard decomposition effi§I variability is too simplistic, and
that additional, physically distinct mechanisms will needbe identified. We believe that the
imaging observations of the Nobeyama Radioheliographtlaatiroadband radio variability, will
aid in this identification.

4.3 Polar brightenings

At 17 GHz the polar regions have anomalous brightness (KamduMcCullough, 1972; Kosugi
et al., 1986). We illustrate this with Figure 3, from Ninddsak (1999). The possible association
of these brightenings with polar faculae (Sheeley, 2008)ldrvonmediately suggest itself, except
that the polar regions only appear to have brightenings mnilye 17-81 GHz region (Kundu and
McCullough, 1972; Kosugi et al., 1986). It is not clear wha photometric contributions at 10 cm
(F10.7) and in TSI might be. We will undertake an analysieke features.

00:58:56 UT

00:58:56 UT

Figure 3: The 17 GHz polar brightenings (right) comparedw@t)ﬁ\ (left) for 1997 March 19
(from Nindos et al., 1999) (middle solar latitudes omittedhis representation).
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The interest in the polar brightenings are further enhargetheir close association with the
polar magnetic field strength. Figure 4 shows the excestmegs temperature (from a baseline
of 1.08 1@ K) as a function of time compared with the solar polar field suad at Wilcox Solar
Observatory (WSO). The sign of the brightness excess hasthken as that of the polar magnetic
field. There is no explanation for this relationship and wapise to seek one. Both the solar-cycle
variation and the annualgBangle modulations match closely. In addition there is araiei@tional
modulation of the microwave signal in the polar cap, whichasseen in the WSO data due to the
need for a 30-day smoothing. The Nobeyama polar field probgssnoisy than the magnetograph
measurements and could provide a basis for real-time, atecpolar field data for use in model
calculations of the solar wind based of the photosphericratgfield, where now a simple annual
wave is artificially imposed.

Polar Field Proxy from Nobeyama 17 GHz Brightness Temperature
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Figure 4: Comparison of Nobeyama polar brightness tempesivith WSO polar fields.

4.4 Behavior of faculae

The routine observations of the San Fernando Observatary@hapman et al., 1996) have pro-
vided striking documentation of the different behavioraddlae and spots in the the current mini-
mum. Figure 5 shows these data. That these data show a muehléwmeg| of faculae in the current
minimum is not understood and not generally known. We do moinkto what extent this strik-
ing effect is real, or whether there may be a calibrationés3t¥e propose to work with the data
providers (San Fernando Observatory) as well as to compé#rether indices for the clarification
of this issue. Is the current minimum unique in terms of fae@l Is this difference perhaps related
to the difference between ACRIM and PMOD TSI composites? Wpgse to study the calibration
from a unified point of view to seek answers to these issues.
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Figure 5: San Fernando Observatory observations of fa¢ii@a Cail) and spot area for the past
two cycles. Note the absence of the facular signature in tiheeict minimum, and its substantial
presence in the previous one.

5 Secular variation of sunspot properties?

Careful photometry by Albregtsen et al. (1984) showed thaspots have a secular variation across
the cycle, in the sense that the umbral brightness incregstematically from beginning to end
of a maximum (Figure 6, left). The observations extended tive two maxima from 1968 to
1983. This effect (the cycle-dependent brightness vanatihas had no satisfactory explanation,
even though the brightness increase amounted to as muct¥asM6re recently Penn and Liv-
ingston (2006) have found something even more remarkabieely that the magnetic field varies
systematically along with the sunspot brightness. Thesesorements are made with direct Zee-
man splitting in an umbral Feline (1564.8 nm), for which the splitting is complete at uwrilireld
intensities. These data extend over 1990-2006 and alsalrav@ightness increase of more than
20% over this time range — but apparerggcularrather than periodic. Figure 6 (right) shows these
variations, as derived from the full database obtained bynigston. Penn and Livingston (2006)
find umbral temperature increases of 73 K¥rconsistent with Maltby’s results, and a decrease
of the magnetic intensity of 52 G yt. They comment “If.... the field strengths continue to de-
crease... then the number of sunspots in the next solar exaiéd be reduced by roughly half.”
The observers, led by P. Maltby and W. Livingston, have umiaghable reputations for observa-
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tional work; there is little doubt in the community as to tradidity of these observations even if
there is no explanation yet forthcoming
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Figure 6: Left: Sunspot brightness increases recorded by Albregtsen €984); Right: Liv-
ingston database of sunspot brightness, again over aboutyteles, but in this case showing a
comparablesecularvariation. The plot shows both the increase of sunspot bregs, and the
complementary decrease of the magnetic flux density.

Figure 7 illustrates something that must be closely relatethis photometric result. It is
the simple correlation of sunspot number versus F10.7. Hte points since 1996 (the recent
maximum) clearly lie outside the scatter range of the pgnitsr to that time, which extend back
to 1951. The discrepancy occurs across the board, for byl End small values. This excludes
an interpretation in terms of non-linearity for small spdts example. It is clear from this that
a systematic variation of sunspot properties is occurrgwg@ watch, and the first major spots of
Cycle 24 will be extremely interesting from the point of viefithe secular variations that have been
observed. It is tempting to associate Livingston’s sunbpightening (and decreasing magnetism)
with the remarkable properties of the current minimum.
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Figure 7: Correlation of F10.7 with SSN, showing the gendeafiation at all levels for the recent
cycle.

This discrepancy between the current maximum and the prewoes, calibrated against F10.7,
lends support to the suggestion from Livingston’s sunspeasurements, namely that there is a
secular variation. We show this also in Figure 8, which pthesratio of observed and calculated
sunspot number over the entire time span of the microwavereasons.
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Figure 8: Ratio of observed and calculated versionsgfdRowing the discrepancy that has been
growing over the recent decade.

6 Summary

The current solar minimum is distinctly unusual in many wassd at the time of proposal sub-
mission the increase to the next maximum had not appearapexmssibly, in terms of a weak
increase in the F10.7 index. F10.7 is in general one of thenelst and best-maintained indices,
and its advantages include high contrast for magneticaliyeareas of various kinds (including
the polar brightenings). In addition to the 10-cm (2.8 GH=)ard, there is also a comprehensive
database from Japan that has multiple fixed frequencies, 3./78, and 9.4 GHz). We will use
these data, as well as Nobeyama imaging data at 17 GHz, talaeipher the distinctly different
low-level variability seen during the Cycle 23/24 minimume will then apply the knowledge
gained to develop empirical methods for understandingrtiismum and future solar variability.
This will increase our understanding of the TSI variatiohjef is dominated at solar maxima by
spots and faculae.

7 Research Plan

7.1 First Year
e Analyze the polar brightenings seen at 17 GHz during the €824 minimum.

e Establish calibrated global indices emphasizing radia,das in the example of Figure 8;
apply this to a definitive analysis of the unusual variatibsarved in the 23/24 minimum.

e Reduce and analyze Nobeyama imaging data to identify theakpigstribution of theS
component sources seen during the clear turn-up intenearily 2009.

7.2 Second Year

e Characterize the physics of the microw&eomponent in the context of the known variabil-
ity components of the TSI, and learn thereby whether or rnistuthique solar minimum will
allow us to identify additional TSI compoenents.

e Search for photospheric counterparts of the unique solaimmmm variation terms. This
analysis will include e.g. SOHO/MDI, GONG, or other souroésynoptic white-light data,
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as well as RHESSI/SAS imaging and shape measures. Theigbjbete will be to under-
stand the solar global impacts of the variations seen at sail@mum, in the absence of
confusing magnetic effects.

e Apply the knowledge gained to develop empirical methodsuioderstanding future solar
variability. This work will include the polar magnetic sigtures developed by Svalgaard and
Cliver.

8 The Investigators

The PI of this proposalHugh Hudson, has a long-standing interest in solar global variability.
His contributions in this area include extensive work onttital solar irradiance. Hudson (1988)
provides an overview of the early work on the ACRIM instrumen board the Solar Maximum
Mission. More recently he has been working with precise mesasents of solar oblateness and
other global characteristics via the RHESSI optical obst@ons (Fivian et al., 2008). Coleif
Svalgaard will carry out the bulk of the work. His interests broadly esvhe subjects of so-
lar magnetism (the Wilcox Solar Observatory), global sefarability, the solar wind, and the
geomagnetic field, for example in the recognition of the @estructure of the solar wind. His
prediction Svalgaard et al. (2005) of a small Cycle 24 appehbe on track. This work is based on
his interest in solar polar fields, which currently motivaie work with the Nobeyama Radiohelio-
graph data. Co-Gordon Hurford has extensive experience in radio astronomy and in thegareci
interpretation of data from synthesis imagers (the VLA aMRO radio data, and RHESSI X-rays
andy-rays in particular). He will provide advice on issues canagg radio astronomy. The non-
U.S. Scientific Collaborators for this effort akdyoto Shibasaki (Nobeyama Radioheliograph)
andKen Tapping (Dominion Radio Astrophysical Observatory). These ardehding experts in
the databases we will be studying (Nobeyama imaging, Japdned-frequency monitoring, and
the definitive F10.7 index), and in addition work activelytive interpretation of these data on a
routine basis.

C-11



References cited

Albregtsen, F., P. B. Joras, and P. Maltby, 1984: Limb-dairkg and solar cycle variation of
sunspot intensitieSolar Phys90, 17-30.

Chapman, G. A., A. M. Cookson, and J. J. Dobias, 1996: Vanatin total solar irradiance during
solar cycle 22J. Geophys. Resl01, 13541-13548.

Covington, A. E. and W. J. Medd, 1954: Variations of the Daigvel of the 10.7-centimetre Solar
EmissionJournal of the Royal Astronomical Society of Canaéig 136—+.

Fivian, M. D., H. S. Hudson, R. P. Lin, and H. J. Zahid, 2008: &de Excess in Apparent Solar
Oblateness Due to Surface MagnetiSunience322 560-.

Hudson, H. S., 1988: Observed variability of the solar lupsity. Ann. Revs. Astron. Astrophys.
26, 473-507.

Kakinuma, T. and G. Swarup, 1962: A Model for the Sources efSlowly Varying Component
of Microwave Solar RadiatiorApJ, 136, 975—+.

Kopp, G., K. Heuerman, and G. Lawrence, 2005: The Total Saladiance Monitor (TIM): In-
strument CalibrationSolar Phys111-127.

Kosugi, T., M. Ishiguro, and K. Shibasaki, 1986: Polar-cad aoronal-hole-associated brighten-
ings of the sun at millimeter wavelength®ubl. Astr. Soc. Japar38, 1-11.

Kundu, M. R. and T. P. McCullough, 1972: Polarization of 3&ative Regions at 9.5 mm Wave-
length.Solar Phys24, 133-141.

Loukitcheva, M., S. K. Solanki, M. Carlsson, and R. F. St@a04: Millimeter observations and
chromospheric dynamicastron. Astrophys419, 747—756.

Nindos, A., M. R. Kundu, S. M. White, D. E. Gary, K. Shibasakad K. P. Dere, 1999: Microwave
and Extreme Ultraviolet Observations of Solar Polar RegigpJ, 527, 415-425.

Penn, M. J. and W. Livingston, 2006: Temporal Changes in gatridmbral Magnetic Fields and
TemperaturesApJL, 649 L45-148.

Sheeley, N. R., Jr., 2008: A Century of Polar Faculae VanetiApJ, 680, 1553-1559.

Svalgaard, L., E. W. Cliver, and Y. Kamide, 2005: Sunspoteyd: Smallest cycle in 100 years?
Geophys. Res. LetB2, 1104—+.

Tanaka, H., J. P. Castelli, A. E. Covington, A. Kruger, T.Uandecker, and A. Tlamicha, 1973:
Absolute Calibration of Solar Radio Flux Density in the Misrave RegionSolar Phys 29,
243-262.

Tapping, K. F., 1987: Recent solar radio astronomy at cestBmwavelengths - The temporal
variability of the 10.7-cm fluxJ. Geophys. Re92, 829-838.



Tapping, K. F. and B. Detracey, 1990: The origin of the 10.7 fiM. Solar Phys127, 321-332.

White, S. M., M. Loukitcheva, and S. K. Solanki, 2006: Higrsolution millimeter-interferometer
observations of the solar chromosphekstron. Astrophys456 697—711.

Willson, R. C., S. Gulkis, M. Janssen, H. S. Hudson, and G. Wagnan, 1981: Observations of
solar irradiance variabilityScience211, 700-702.

Zwaan, C., 1987: Elements and patterns in the solar magdiedticAnn. Revs. Astron. Astrophys.
25,83-111.

D-2



Curriculum Vitae

Hugh S. Hudson

Personal:
Birth: San Antonio, Texas, May 18, 1939
Address: Space Sciences Laboratory, University of California, Berkeley 94720
Telephone: +1-510-643-0333
E-Mail: hhudson@ssl.berkeley.edu

Education:
Undergraduate degree: Rice University, B.A. cum laude Physics, Math, 1961
Graduate degree: University of California (Berkeley), Ph.D., Physics, 1966

Employment:
University of California, Berkeley (1966)
University of California, San Diego (1966-1991)
University of Hawaii (1991-1996)
Solar Physics Research Corp. (1996-2002)
University of California, Berkeley (2001-present)

Visitor appointments (recent):
University of Glasgow, UK (2005-present), Honorary Research Fellow
Osservatorio Astronomico di Palermo, Italy (2005), Visiting Astronomer

Research interests:
Magnetospheric physics
X-ray and v-ray astronomy
Infrared astronomy
Solar flares and CMEs
Solar coronal physics
Solar infrared/submillimeter astronomy
Solar radius
Solar energy distribution



Publications and presentations
Selected papers

e Hudson, H. S. Thick-Target Processes and White-Light Flares, Solar Physics
24, 414 (1972)

e Lin, R. P. & Hudson, H. S. Non-thermal processes in large solar flares, Solar
Physics 50, 153 (1976)

e Hudson, H. S. A purely coronal hard X-ray event, ApJ 224, 235 (1978)

e Hudson, H. S. Observed variability of the solar luminosity, Ann. Revs. Astron.
Astrophys. 26, 473 (1988)

e Hudson, H. S., Solar flares, microflares, nanoflares, and coronal heating, Solar
Physics 133, 357 (1991)

e Willson, R. C. & Hudson, H. S. The sun’s luminosity over a complete solar
cycle Nature 351, 42 (1991)

e Sterling, A. C. & Hudson, H. S. Yohkoh SXT observations of X-ray ”dimming”
associated with a aalo coronal mass ejection, ApJL 491, 55 (1997)

e Canfield, R. C., Hudson, H. S., and McKenzie, D. E., Sigmoidal morphology
and eruptive solar activity, Geophysics. Res. Letters 26, 627 (1999)

e Khan, J. I. & Hudson, H. S. Homologous sudden disappearances of transequa-
torial interconnecting loops in the solar corona, GRL 27, 1083 (2000)

e Hudson, H. S., Implosions in Coronal Transients ApJ 531, L75-L77 (2000)

e De Pontieu, B., Martens, P. C. H., and Hudson, H. S., Chromospheric damping
of Alfven waves ApJ 558, 859 (2001)

e Hudson, H. S., and Warmuth, A., Coronal loop oscillations and flare shock
waves ApJ 614, L85, (2004)

e Hudson, H.S., Wolfson, C.J., and Metcalf, T.R., White-light flares: A TRACE/
RHESSI overview Solar Phys. 234, 79 (2006)

e Fivian, M. D., Hudson, H. S., Lin, R. P., Zahid, H. J., A large excess in
apparent solar oblateness due to surface magnetism Science 322 (5901), 560
(2008)

Full listings

http://sprg.ssl.berkeley.edu/~hhudson/publications.html
http://sprg.ssl.berkeley.edu/~hhudson/presentations.html



GORDON HURFORD - CV

Professional Preparation

B.Sc. McGill University (1959-63) First Class Honours in Physics

M.A. University of Toronto (1963-1964) (Theoretical) Physics
Massachusetts Inst. of Technology (1964-66) (Nuclear) Physics

Ph.D. California Institute of Technology (1968-74) (Space) Physics

Appointments

1998- Research Physicist, Space Sciences Laboratory, University of California, Berkeley.

1977-98  Assoc Scientist --> Senior Scientist & Member of the Professional Staff, Solar Astronomy, Caltech.
1974-77 Research Fellow, Solar Astronomy, Caltech.

1968-74 Graduate Student, Space Radiation Lab, Caltech

1966-68 Lecturer, Physics Department, Xavier College, Sydney, Nova Scotia

Selected Publications

Proposal-related:

* D.E. Gary, G.J. Hurford, Radio Spectral Diagnostics in Solar and Space Weather Radiophysics,
ed: D.E. Gary and C.U. Keller, Kluwer Academic Publishers, 71-87, 2004.

e Zirin, H., Baumert, B.M. and Hurford, G.J., The Microwave Brightness Temperature Spectrum of
the Quiet Sun, Ap.J. 370, 779-783, 1991.

e G.J. Hurford, Solar Radio Observations, in The Sun: A Laboratory for Astrophysics, ed: J. T.
Schmelz and J. C Brown, Kluwer Academic Publishers, 297-313, 1992.

* D.E. Gary, G.J. Hurford, Coronal Temperature, Density and Magnetic Field Maps using the
Owens Valley Solar Array, Ap.J. 420, 903-912, 1994.

* G.J. Hurford, R.B. Read, H. Zirin, A Frequency-Agile Interferometer for Solar Microwave
Spectroscopy, Solar Phys, 94, 413-, 1984.

e Marsh, K.A. and Hurford, G.J., High Spatial Resolution Solar Microwave Observations,

Ann. Rev. Astron. Astrophys. 20, 497-516, 1982

*  Wannier, P.G., Hurford, G.J. and Seielstad, G.A., Interferometric Observations of Solar Limb

Structure at 2.6 millimeters, Ap.J.264, 660-666, 1983.
Other:

e G.J. Hurford, R.A. Schwartz, S. Krucker, R.P. Lin, D.M. Smith, N. Vilmer, First Gamma-Ray
Images of a Solar Flare, Ap.J. 595, L77-L80, 2003.

e G.J. Hurford, E.J. Schmahl, R.A. Schwartz, A.J. Conway, M.J. Aschwanden, A. Csillaghy, B.R.
Dennis, C. Johns-Krull, S. Krucker, R.P. Lin, J. McTiernan, T.R. Metcalf, J. Sato, D.M. Smith, The
RHESSI Imaging Concept, Solar Phys. 210, 33-60, 2002.

e E.J. Schmahl, G.J. Hurford, Observations of the Size Scales of Solar Hard X-Ray Sources,
Solar Phys., 210, 273-286, 2002.

Synergistic Activities

* 1998-present: As Imager Scientist, led the efforts in optical design, calibration and data analysis
software for RHESSI, a NASA mission for imaging/spectroscopy of solar x-rays and gamma-rays.

e 1997-1998: Member, NAS-NRC Task Group on Ground-Based Solar Research

e 1995-present: Charter participant in the development of the Frequency-Agile Solar Radiotelescope

* 1993-1998: Conceived and co-developed the Solar Radio Burst Locator, an automated system for
monitoring solar activity at microwave wavelengths

* 1980-1998: Conceived and co-developed the Owens Valley Frequency-Agile Interferometer and its
evolution into the Owens Valley Solar Array, for microwave imaging/spectroscopy of solar flares and
active regions



DR. HUGH HUDSON: CURRENT AND PENDING SUPPORT

A. Current Support

Project Title:

Sponsor and POC:
Period and Amount:
FTE Work Years:

Project Title:
Sponsor and POC:
Period and Amount:
FTE Work Years:

B. Pending Support

Project Title:
Sponsor and POC:
Period and Amount:
FTE Work Years:

High Energy Solar Spectroscopic Imager (HESSI) Investigation
P.1.: Robert Lin

NASA Goddard Space Flight Center; NAS5-98033
11/19/97-11/29/11; $60,829,711

25

Solar Limb Astrometry with RHESSI

NASA Goddard Space Flight Center; NNX07A141G
03/12/07-03/11/10; $325,881

5

Solar Astronomy and Photometry with RHESSI
NASA Shared Services Center
10/01/09-09/30/11; $328,893

25



Budget Narrative

For each year of this two-year project, we ask for funding for two months’
salary for the PI (Hugh Hudson), six months’ salary for the principal Col-
laborator, Leif Svalgaard, and one month for co-I Gordon Hurford. We also
intend to employ Berkeley undergraduate student(s), to be named later, for
small projects associated with the research. We request funding for visits to
our foreign collaborators (Kiyoto Shibasaki and Ken Tapping). A visit to San
Fernando Observatory is also likely but this is a local trip. At Nobeyama we
will learn how to work with the imaging and radiometric databases, and at both
NRO and DRAO we hope to achieve a deep understanding of the calibrations
of the fixed-frequency radiometric observations.

We anticipate receiving this award as a grant.

Facilities and Equipment

All of the research described here will be carried out using existing facilities and
equipment at the Space Sciences Laboratory and elsewhere. The Space Science
Laboratory provides office space and other infrastructure for this work.
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Hudson PI 17 17
Hurford CO-1 .02 .02
Vstg Research Physicist | CO-1 .50 .50
Undergraduate Student | Student 46 46






