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1 From aatellite abzervations the solar toial irradiance it known to vary. Sungpot blocking, facular
‘ emisdion, and network emission are three identificd causes for the variations. In {his paper we axamine
several different solar indices measured over the past century that are potential proxy measures for the

Sun's irradiance. These indices are (1) the equatgrial solar rotation rate, (2) the Junspot struciure, the

. decay rate of individual sunspots, and the number of sunspots without umbrae, ad (3) the Jength and
decay rate of the sunspot cycle. Hach index can be tsed to develop 2 modél for Lhe Sun’s total
o irradiance as seen at the Earth. Three solar indices allow the imadiance (o bej modeled back to the
F mtid-1700s. The indices are (1) the length of the solar cycle, (2) the normalized decay nite of the solar
. eyele, and (3) the mean fevel of solar activity, All the indicss are well correlajed. and one possible
v expiayation for their nearly simultaneous variations i changes in the Sunls convective energy
g tranzport. Although changes in the Sun’s conpvective éncrgy transport are ouiside the realm of normal
3 stellar atructure theory (¢.3., mixing length theory), one can imagine variations larising from even the

simplest view of sunspots as vertical tubes of magnetic flux, which would serve 3
the energy flow patierns by ensuring krger-scale eddies. A compasite solar i
upon these proxies, is comparcd 1o the northern hemisphere temperature dey
Approximately 71% of the decadal variznee in the last century can be modeled

npd pillars affecting
diance modef, based
qrigres for 1700-1992.
these solar indices,

githough this anaiysu docs not include anthropogenic or other varistions wiich would affect the
resuits, Over the entire three centuries, ~50% of the variance is modeied. Both this analysis and

previous similar analyses have correlations of model solar imadiances and e

red Earth surface

temperatures Lhat are significant at boter than the 95% confidence level, Ta d:rsund our present
climate variations, we must place the amhropogenic varmion: in the context|of matural variability

from solar, volcanic, oceanic, and other sources.

1. INTRODUCTION

ihe past two centuries, many people have hypothesized
that 1he sofar irmadiance at the top of the Earth's atmasphere
vanes, Recent satelliie measurements confirm that such
varistions exist, at least on the timescale of the 11-year solar
cycle [e.g., Willson and Hudson, 1991). Maost of the model-
ing undertaken 1o date, 1o undersiand these secular varia-
tions in the solar constant, have been phenomenological,
oft:ring proxies which enable the solar codstant data to be fit
- tor example, Lean [1991] for a review). Although the
mudels do not answer questions concerning the basic cause
of secuiar solar constant vanations, they do allow us o
examine the photospheric manifestations of these variations.
To date, most of the solar constant secular variations ob-
served (which only includes a timescale on the order of a
decade} have been associaled with photospheric blemishes
(ark suaspots, bright faculae, and bright network). At
pto-ent, there seem to be very fow attempts to undersiand
putential secular trends. Phenomena in the Sun which could
lead o irradiance variations on the lmescale of decades to
centurics were explored by Eadal «t al. (1985). One view of
active region physics [Scharten and Maye, 1985, p. 1060] did
Suggest a positive correlation of solar constant with solar
activity when they stated ““Thus the (active region) process
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effactively transfers head outward, aiding the Sun to shed its
luminosity. If active regions have any effect on the solar
fuminosity, it should beja weak positive correlation.” The
view undertaken by these authors was that active regions are
distinguished from the byckground photosphere by the influ-
ence of the magnetic fiel@t, which allowed a larger-scale flow
pattern to develop (largdr than graoulation and supergranu-
lation), and this pattern fnanifested itsclf in sunspats, where
dovmflows were presemnt, and faculae where upflows oc-
curred. The zeroth-ordef effect was thought to be small as
the two energies balamce to zeroth order: however the
first-order effect allowed heat (and encrgy) ta be transferred
outward, Thess effects thought to be the origin of the
positive correlation of solmr activity with solar irradiancs
variations.

Even if we can undersiand the soler cycle correlation with
activity, these features mhay be merely “photospheric blem-
ishes™ and may not haje a great influence on the longer
timescale "river of sola luminosity” flowing outward from
the Sun's interior, but rather primarily serve only 1o divert
the flow and/or temporarfly storg and release minor amounts
of this vast energy floww. The perturbations from active
regions may not necessarily extend to the deep interior to
influence very long i ale solar luminosity and zolar
constant variations. To|understand the long-term secular
variations, the Sun might need to be viewcd on a larger.
more plobal scale, with global observations (c.g.. solar
rodation. solar diameter,letc.).

Cn the timescale of decades to centuries, four classes of
models exist which postliate diferent variations of the Sun’s
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output. These models can be called the *‘constant quiet Sun
model,™ the **solar diameter model,” the **activity envelope

model,” and the *‘umbm/penumbra variations model.” The: '

constant quiet Sun model postulates that the solar irradiance
has only an 11-year cycle and all radiation changes can be
explained by active features. Since all solar ninima are the
same in these modets, it is called the constant quiet Sun
model. Foukal gnd Lean [1990] and Schatien and Orost
[1990] present models of this type. The solar diameter model
uses the solar dizmeter or its time rate of change 25 a proxy
for solar irradiance variations. Some controversy still exists
about the history of the solar diameter variations so this
model will not be considered further here. The activity
envelope model postulates that long-term solar iradiance
variations follow the envelope of solar activity such as the
Gleissberg cycle, so that solar minima irradiances vary over
tme (see, for example, Eddy [1976] or Reid (1991]). The
umbra/pcnumbra (U/P) variations models is so called be-
cause early models of this class by Norde [1955] and Hoyt
. {1979a] used sunspot structure expressed as the ratia of
umbral areas to penumbral areas as a proxy measure of solar
irradiance. Subsequent studies have used the solar equato-
rial rotation rate and the sunspot cycle iength to derive very
similar models. The U/P variations mode] and activity enve-

lope model are similar except they are out of phase witheach

other with variations occurring ~2¢ years earlier in the U/P
variations model. This paper presents svidence in support of
the U/P variations model. We argue that the solar indices
used in the U/P variations model are proxy indicators of
long-term secular changes in convective encrgy transport.
Although changes in the Sun’s convective energy transport
are autside the realm of normal stellar structure theory (e.g..
mixing length theory), one can imagine variations arisiog
fram even the simplest view of sunspots as vertical tibes of
magnetic flux, which would serve as rigid pillars affecting the
flow patterns by ensuring larger-scale cddies. Additional
proxies for the U/P vaniations model are introduced here for
the first time, namely the sunspot decay Tate, the fraction of
penumbrat sunspots, the decay rate of the solar cycle, and
the mean leve! of solar activity.

There is a varicty of sxperimental evidence that indicates
that there may be long-term irradiance variations which are
aot correlated with solar activity. For example, measure-
ments of the last couple of decades have revealed trends in
the equivalent widths of lines and the bisectors of lines.
These observations can be interpreted as changes in the
temperature gradient in the photosphere which says the
convective energy transport is sectlarly changing in a man-
ner not correlated with solar activity. These convective flux
changes imply there may be an underlying secular change in
irradiance in addition {0 the already identified 11-year eycle.

Evidence for changes in solar convective flux on longer
timescales tequires the use and inferpretation of other solar
proxies. In the past 13 years, several anthors have postu-
lated secular soler irradiance variations which are not cor-
related with solar zctivity. Hoyr [197%a, 1990], Gilldand
[1982), Frifs-Christensen and Lasser {1991}, and others ail
independently arrived at the conclusion the Sun’s irradiance
increased from the fate 1800s 1o a peak in the 1930s or 1940s.
In the ideal case a full physical theoty, starting from the

basic equations for magnetohydrodynamics, could be devel- '

oped 1o explain the observations of the above authors. Such
a theory, hewever, is not yet available, Therefore, in scction
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ons for the refationship of sunspot decay
raies, sunspat structure, solar ¢ycle lengths, and other proxy
indices will He developed. The basic approach is to show tha
indices can be reizted mathematically o
sunspot decqy rates. Once a refationship 1o sunspot decay -
mtes is devéloped, it is deduced that there are changes in
convective pelocities, convective energy transport, and
hence solar iance. Five rradiance models will be com.
a composite solar irradiance maodel for 1700-

In section| 3 we review various experiments 1o see if amy
independent| data exist which would support the modelec
secuiar charlges in solar irmadiance. ‘

Recayse the model irrediance variations may be of interes:
ists who are seeking explanations for climatii
change, section 4 is devoted to examining the temperatur,
changes on the Earth which may be induced by the change:
in solar outgut. In this regard, we will examine the issuc o
whether the Earth can be used as a radiowmeter, whicl
requires that we pay attention to the stability of climate ir
the absencel of external forcing. In the final section we wil
comment upon the uncertainties in our understanding of the
Sun and clitnate and discuss directions for future research.

b, SECULAR IRRADIANCE VARIATIONS
CauseD By CHANGES iv CONVECTIVE
ENEBRGY TRANSPORT

Variatiunis in the Sun's spectral irradiance (§q) can b
written [Oster et af., 1981] as

AS(r) = Solt) — f-j J- Alya(A, A, 1) dA dA (
A JA

where A is the wavelength, A is a unit area on the solar dish
Al repregents variations in the photospheric intensity, an
[ is time. Most solar irradiance variations are assumed t
arise from |active features on the Sun such as sunspat
faculae, the active network. Equation (1) can be ¢!
panded in ferms of solar limb darkening as follows:

ASyl(r) = J’ [d,(.\) + bp(.\)p. + cp(l)nzlc,ﬂ dA dA
A A . !

(
witere a,, §,. and ¢, are the limb darkening constants [¢.g
Allen, 1974]. C . is the relative contrast and equals zero i
the absende of contrast features such as sunspols an
faculae. Epressions for C,; are given by Schatten [198
be considered further in this paper. Instead, »
ed with processes which could lead to chaages
and, in particular, are interested in proxy sok:
indices which wouid allow long-term secular changes
convective energy transport 1o be deduced.

A hypothetical change in convective energy lransport m:
manifest itkell by variations in the solar limb darkening, !
equivalent| widths of lines, and the bizectors of lines. The
diagnostic jmeastrementa are limited 10 the last two decad.
and discu in more detail in scction 3.2, 1t is desirable
search for] pammeters which provide similar informati
over d ex and centuries. Several candidate parametc
are available and will be examincd here. Since convecli
and rotatipn arc strongly coupled in the lower convecti
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zone through the Coriolls force, au ..cTease in convection
o +y manifest jiself by a change in solar rotation. The theery
i solar rotation is not well developed but is dizcusscd m
section 2.1, The rate at which sunspots decay can plansibly
he argued to be proportional to convective velocities. A
change in sunspot decay rate would therefore be a plausible
proxy for a change in convective energy transport and soiar
irradiance. Such changes can be shown mathematically to
manitest themselves as changes in sonspot structure sinde
penumbras of sunspots are mores readily destroyed than are
tiir umbra. In addition, the fraction of sunspatx consisting
of only penumbrae will also change as a result of 2 change in
the sunspot decay rate, Section 2.2 discisses these three
affects. An ingreased convective energy transport may cause
more sunspois to appear because of the increased upward
transport of magnetic flux wbes. This same creazed con-
veclion may cause maore rapid sunspot destruction and lead
u. 1 more rapid decay of the envelope of solar activity and
v ouce shorer solar cycles. Section 2.3 discusses these
elfects.

2.1. Changes in the Equmoﬁm' Solar Rotation Rate

Theoreticaily, a strong coupling between rotation amd
convection should exise [¢.g., Rudigesr, 1989], with rotation
generally viewed as being driven by convection, so we start
-+ diseussion with a brief look at solar rotation, If a change
iz, solar rotation is observed, a change in convective enargy
transport can be expected, Rudiger indicatas it jz =afe to
make the following three comrments: (1) The interaction
hetween convection and rotation is nonlinear; (2) the inter-
actions are strongest in the lower portion of the convection
zone; and (3) the rotation tends to occur i disk-shaped
isoplanes rather than cylinders. Can a change in solar

“ation eccur which is not accompanied by a change in
wonveetion? Any change in rotation 15 a persuasive indicator
that the desper levels of convection are varying and hence a
vanation in luminosity and imadidnes is occwrmg.

Several authors have noted that changes in solar rotation
rate occur, Because of the likely strong coupling between
solar rotation and convection through the Corolis force,
lhese authors have argued that solar rotation can be used as
« wory measure of solar irmadiance. Sakurai [1977] notes
I -re was an increasing rate of equatocial solar rotation over
wlar cycles 18 to 20. Eddy et ai. [1976] claim that the solar
rotation rate during the Maunder minimoem was 4% {aster
than modem values. Hoyr [1990] shows that equatoriz! solar
rotation is high in the late 18005 and decreases (o a minimum
in the second quarter of the 19005 before increasing in recent
years (see Figure 1).

1.

2.2 Sunspor Stracture and Sunspot Decay
Rure Variations

Sunspols consist of a dark central region called the umbra
which are nearly always surrounded by a less dark penum-
bri. The sum of the comected umbral area (I and the
currecicd penumbral area (P) gives the comected whole spot
+ei (W) measured in millionths of the solar hemisphere

15H). The ratio of the umbra 1o whole spot areas (L/W) or
winbral to penumbral arsas (U7F) may be a moaitor of
“unditions in the Sun's convective zoae. Previous work on
this topic is given by Moy {19794, b. 1990|, Brown and
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Fig. I. The sofar equatorial fowLion rate during the last century
from Hayr [1990]. During each sqlar ¢yela, all single sunspots within
&0* of the solar meridian and within 5* of the cquator were tsed.

Price [1984], and Nordo [1935]. In the following paragraphs
we will show that changes| in sunspot structure can be
explained by changex in the rate of dacay of sunspats.
Becanse sunspot deey rates) change gver time, the fraction
of sunspots consisting only pi’ penumbrae (i.c., penumbral
spots) also changes. Uniikq sunspot structure for which
measurements stop in 1977, the fraction of penumbral spots
can be updated to 1989, This proxy index will be the one
used in our solar hradiance models. ‘
Moreno-Inserels and Yazgquez [1988) have measured sl
spot decay rates (D) using the Greznwich Rayal Obser-
vatory record for [874-1919, They find that (1) the decay rale
is linear in time for 955 of the sunsports, (2) it is independent
of the maximum sunspot area, and (3} it is proportional to the
perimetér of the spot. Their lnst conclusion suggests that
some property of the photojphere is controlling the decay
rate of sunspats. It appears ds if the photosphere is dispers-
ing magnetic clements of the sunspat into the swrounding
photosphere. Meyer er al.'s [1974] dispersal theory for
sunspot decay has a decay] rate proportional o a mean
convective velocity. This suggeats the coavective velocities
and convestive energy fluxes are secularly changing. Alter-
native theoriea based upon sybduction of sunspots or recon-
have decay rates proportional
1e convective velocities, Begause of the complexity of the

change in sunspot decay rate with a change in the convective
velocity apecirum and henee with solar irmadiance.

azquez (abbrevinted M-V in the
al the decay rate has extreme
4 over several oycles. For solar

slow rate of 36 = 1 millionths pf the solar hemisphere per day
23-1933) the fast decay rate was

groups, the mean variation s from 26 0 32 MSHA. The
decay raies vary over a rahge of —~29%. For these two
<yeles, umbras in complex grioups decayed at 2 mean rate of
8.3 = 0.5 M5HA, but for isglated sunspots. it is 3.9 = 0.4
MSH/d. In Figure ! we illjsirate the measured decay of
sunspots in cycles 13 and 16

II, in each gycle, one starjs with identical sunspots with
|
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showing spot and umbral

Fig. 2. Moreno-Insertix and Yazquez's [1988] meazured sunspot
decay rates for cycle 13 in the 15202 (upper e) and for cycle 16
in the 19302 (lower curve) are fllustrated, harched areas arc
pentitibrae, and the black areas arc umbdhe. Note that more
penumbral sunspots are predicted for cycle 13 thaa for cycle 16,

identical structure, then over time both the areas and struc-
ture of two sunspots will diverge. Figure'3 provides numet-
ical simulations of sunspot structure usigg M-V's measured
decay rates for these two cycles. The final point on each
curve is equivalent (o the cumulative m Sunspol Struciure
measured over many days and correspontls (o the time when
the sunspot disappears. The simulated vilues of L//W using
M-V's decay rates are 0.150 and 0.185 for these cycles
compared to measured valpes of (.165 0.182. Compari-
sons of measured and simulated values of U/W are compli-
cated by several factors: .

1. Because of solar rotation, sunspody are not measiped
throughout their life but may enter or leave the solar disk at
any stage in their lives. Using many years of daia to derive
a value for U/W, as we do in this study, appears (o0 minimize
this sampling problem. ‘ .

2. The growth phase of sunspots is neglected in the
abave analysis. Since supspots grow fmpidly and decay
slowly, most of their life is spent in the-decay phase. This
helps minimize the gontribytion of the growth phase to the
measured [/W valuex and is another contnobutor to the
successful agreement in the last paragra, h

3, The simulations assume the umbpal decay rates are
constant from cycle to cycle. M-V's umbfal decay rates tend

0

1000115

to suppou. this conclugion.since 4 out'5 Gycles have umb
decay ratey within one standard deviation of each other 1
both izol sunspots and for complex groups. A ti
variation i@ umbral decay rates would complicaie, but r
mvalidate, | our modeling since it can either improve
degrade the match betweosn model and measurements.
U/W car| be written in terms of umbral decay rate (D,

and spot y rate (D) for a sunspot lasting NV days:

N N
XU X (Up— Dann)
U o=t =
-ﬁﬂN -

N .
SOW D (Wy - D)

=1 =

2Ug = Dumpea ~ ND umtes

2Wa — D gt — NDspx

where ¢ is the time in days and one measurement per day
made. {7y pnd Wy are the initial umbra and spot sizes, F
cycles 13 ajid 16 for isolated sunspots, (3) gives a mean U
values of {.154 and 0.185 compared to the numerical sio
lations of 0.150 and 0.185. Mot only can zecular sunsp
struciure variztions be explained by secular variations in t
decay rateof sunspots, but the process can be reversed
derive sunfpot decay rates from the more extensive sunsp
structire sheasurements. Using the approximate daily to
mean progertics for sunspats over the last century bas

Sunwt Structure for Sunspols
slow and fast decay rates
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Fig. 3 umerical simufations of sunspot structure ai 2 funct:
af time are glotted using measured umbea and spot decay rates. T
extreme cases are used, pamely slowly decaying sunspats in €y

13 and rapidly decaying sunspots in cycle 16. Measured values of °
conrected umbra 1o whole spot areas, {/W, ace the last points
hen the sumspol ceases to exist. Four sunspots w
areas (L) of 95 MSH and whole spot areas (Wy)
chosen (or illustration. For the slow decaying sunsp
(lower two [curves) we have Doy e = 16 MEHA for isola
suRspoty 6 MSH/ for complex groups. For fast decay
sunspats we have D o sy = 20 MSH/ for isolated sunspots and
M3H/A for bomplex groups. Dogsn gew = 3.7 M3HA for izols:
sunipols 4.3 MSHAM for complex groups. Values of U
derived e are —0.155 aad 0.185 for cycles 13 and 16 compa
to direet urements of 0. 165 and 0. 132, respectively, We neglh
solar rotatign sampling efccts which will not allow the sunspot 10
all days. Note thai the magnitude of the changes
ure are independent of the Lype of sunapot, in agr
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upon Allen's tables and M-+ s observations (i.¢.. Dot ™
4.0 - 1.4 MSHA, Uy = 138\MSH, W, = 728 MSH, and N
. . days), the sunspat decay ratc in MSHAlay can be

ﬂpru's&ﬂd as

[ .

!
ow | @
This equation gives 3 mean value of D, over the previous
century of 28.8 MSH/day. Derived values of D, are
woved in Figure 4 for those! active years when the annual
-:ean umbral areas exceed 100 MSH. The derived values of
D ppu F2NEE from =15 to 34 MSHA and follow the same
temporal form as the measured values, also shown in Figure

4

(6.0 £ 0.4)
Dy = |63.3 = ———

A change in the rate of sunspot decay has additional
consequences, which are apparent in Figure 2. Near the end
of the life of a sunspot, it often appears only as a penumbral

-.:. 1he umbra having already vanished. For slowly decay-
it.., sunspots the penumbral spots last longer than for rapidly
degaying sunspots. Penumbral spots are more stable and
common when sunspot decay rates are low. Therefore the
fraction of sunspotz consisting only of penumbrae should
vary as a function of time. Figure 5 shows the time variation
of the fraction of penumbral spots plotied inversely and
pverlaid ot the sunspot structure valuez. Both curves are
‘o, Sunspot structure shows several discontinuities in
i : curly years that almest vanish in the fraction of penum-
bral spot curve. Using the Rome Obsarvatory measure-
ments, this corve can be extended to 1989, while the /W
measurements stop in {977, Thus the fraction of penumbral
spots will be used in our irradiance reconstruction. Sunspot
strecture values are heavily influenced by the larger zun-
spots. but the fraction of penumbral sunspots is dominated
™ he smallef Sunspots. The two measurements are naarly
. pendent. The selfconsistency between the measured
sunspot decay rates, sunspot structure, and fraction of

Sunspot Decay Rate and Solar Luminosity
derived from sunspot structuine

Yaur

Fig. 4. The yunpot decay yate derived from sunspol structyrg
7 surements are plotted for active solar years when moce than 100
Voo i3 covercd by umbra. Moreno-inserti and Vargues's [1988]
Measurcments are plotted as the solid boxes. Also plotted is an
:i'r:":::mmm solar irradisnce model derived from sunspot
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Fig. 5. The fractionjof sunspots which have only penumbiras for

tory measurements were used 10 con-
numbral and total spots were counted for
nning mean of the number of penumbnral
n year running mean of the 1otal spots 05
ny arc consistent with sunspot decay and
ments, It is hypothesizad that penumbral
o solar convection it wezk, The fraction of
spot structure have a 0.77 correfation.

and 24,124 Rome O
struct this figure. The

EIIIISPDI strueiure maas
spots are more stable
pentmbial spots and

penumbral spots incieases one's confidence that thé mea-
surgd secular variatigns are genetally reliabie. -

13, Solar Cycle Length and Surspot
and Cycle Decay Rade Variations
Frits-Christensen
that changes in the $moothed solar cycle lzngth (L) may
provide 1 measure the Sun’s iradiance. A comrelaton
between the Earth's) temperature and solar cycle length
exigts which Friis-Chiisiznsen and [ axssen attribute to vari-
atigns in the Sun’s output, Using arguments based upon
rocke: and balloon urements of the solar irradiance in
the late 19603 and y 1970s, they estimate that the
e varzation over the past century in
. Friis-Christensen and Lassen used a

For each year one may find the cycie
the elapsed time between cqual per-

are used rather than delected extremum paints in the cycle.
A Ti-year running mepn was then applied to obtain the final
results. These valuel, along with Friis-Christenzen and
Lagsen's values, are in Figure 6. In this section we
cxamine these cycle {length variations and celate them lo
changes in the decay pate of individual sunspots, the decay
rate of sunspot cycled, and the mean level of solar activity.
Eariier work reiating variations in solar cycle length o
climatic variations is given by Clough {1503, 1933, 1943] and
Muller [1926].

The sunspat cycle |
fit in terms of the
12 1o 16 as follows:

gth in months (L ... ) can be lincarly
suaspot decay rate (D o) for cycles




S -

'n'lar Cycle Length -~

jj\ ﬂ."ﬂi
] =i
-/  lo.ces 4

1950

Lnasinvent

oy

anmi

5

8%
Your

oo

il

oa 175 1800

[M—Dﬂ-m p— Xy I
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using solar maxima (dashed line) and upon a|differencing technique
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minima,

" Longa ™ (251.1 % 5.4) — (3.98 2 L.02)D 4o (N

Cycle lengths and sunspot decay rates have 84% of their
variance in common. Using this equation and M-V's un-
weighted mean spot decay rate of 30 MBHA, L., = 131.7

[1938) measurements of cycle properties and Gleissberg's
[1949] cycle model, cycle length and sunspot decay rate are
related by the following equation:

(6)

The differences between these two resulis can be explained,
in part, by noting that (§) is based upon sunzpots of all types
and (5) is based upon the mean of isglated and complex
sunspots. From (6) a mean cycle length of 10.7 years for the
twentieth century givez a mean sunspoy decay rate of 24.9
MEH/. This seemingly slow decay rate, lcompared to M-¥'s
- results, simply teils us that the average junspot is more like
an isolated sunspot than it is like a complex group. Since
minimum to minimum ¢ycle lengths havie varied from --9.9
to 12.] yaars gver the last century, (6) implics sunspot decay
rates have varied from ~21.6 to 26.8 M3H/A.

Using Gleissberg's sunspot cycle modpl and Monte Carla
techniques, the solar ¢ycle can be simulated as a function of
- sunspot decay rates. In any one solar cygle, many sunspots
are being generated more or less mndonly in time followed
by their destruction, 95% of which exhjbit a linear decay.
The sum of the areas of individual sunspots (A}, gener-
ated at times ¢4 ; and decaying with an gverage rate 2 J
can be expressed as foilows;

. Loga = (246.5 2 0.7) = (4.73 4 0.07)D

N Tf ’
Aalt) = X, 2 (Ao~ Dol = oyl (D
Jo

where is the number for cach sunspot for A total spots, Ag
is the initial spot area at time tg 4, and ¢} ; is the time since
tg,; for the jth sunspot. The rate of decay pf the total sunspot
area is proportional to mean rate of y of individual
sunspots. Using (7) and Gleissberg's | to simulate the
probability for sunspot generation, a Monte Caro simutation
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types of solar cycles was produced (F
Yere;normalized to have the same sy,

; £pot maximum. Figure 7 shows aplat ¢
mean of 30simulations of each cycle. This simulation st
id ‘destruction of individual sunspots leac
it groups being present during the cycle d

y leads to a shorter solar cycle, The sy

nitor long-term secilar changes in the !

proxy to ‘
mean cycle decay rate of the Wolf sun

Ihviding

ix given in Figure 7. The decay rat
sunspats is related to the normalized cycle decay rate by
following regression equation:

[(dR /1) my

R:.I‘I'I-'l-l

Do = —(3.93 = 1.58) + (192.3 = 66.7)

Effect of Changes In Sunspot Decay Rate
with identdcal surspat generation
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slowly (22 MSHA) or rapidly (38 MSH/d}. The
sunspals at solar maximum are sef aqual for the
resuits are not significantly effected by has

. Both the leagth of the eyele and the decay raw
a3 functions of individual sunspot decay rates

of gencration
cyeles, but
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where Rsmax i¢ the smoothed sunspot maximum published

w - dmeier {1961} used to normalize the sunspot decay
rate to i decay rate per group, and (4R /dt)pa,] 15 absolute
value of the mean cycle decay rate per year averaged over 5
years- The constant 192.3 is simply a conversion factor] and
theoretically is expecied to be 365/2 or 182.5, The measitread
individual sunspot decay rates and the normalized cycle
gecay rates have 86% of their variance in common. The
mpaximum and minimum decay rates derived from (8) are
3.3 .05 and 25.9 = 2.9 MSH/d respectively. These results
indic.tc 3 peak value between 1920 and 1931, or a few years
eariier than other irradiance proxies, and indicate that re-
cently the madiance may have leveled off at a value higher
than it was at the turn of the century.

Previous authors have noted that the length of solar cycles
may have a frequency madulation. For example, Granger
[1957] paints out that the solar cycle length is not a constant
over time and a frequency modulation is probable. He
indi-ates that the solar cycle length in months measured
from minimum to minimum (Lg.,) is not an independent
variable but is a function of the mean Wolf sunspot number
for the cycle (R}, An equation relating these two indices is

12
L au
T 0.074086 + 0.000347R,

&)

Appr cximately 66% of the cycle length variance can be
explained by (9). 1n effect, the mean level of activity for each
cycle can be used to derive a model for cycle lengths. This
the mean level of solar activity can be used to derive a tolar
irradiance model, if one grants that the mean level of solar
activity is a following indicator of changes in solar convec-
tion. Dicke (1979] and Brown and Price [1984] point out; that
mae - fux tubes may take many years to rise from the
ba.. : the convection zone to the photosphere. In this study
we tuke the delay time to be 11 years to place this index in
phase with the other indices, Dicke suggested 13 years as the
time {or flux tubes to rise from the base of the convecrion
zone to the photosphere, '

If the above dizcussion about cycle lengths and sunspot
decav rates is correct, some unusual cycle lengths and decay
rate < would be expected during the Maunder Minimum in the
lui . aws, At this time, the Wolf sunspot number was near
zero for many years. Using (9) above and setting R . to zero,
one anticipates ¢ycle lengths would average --13.5 years.
From examination of Kocharov's [1987] carbon 14 observa-
tions, it appears there were five solar maxima at around
1646, 1660, 1674, 1692, and 1705 compared to the usually
accepted sequence of six maxima at 1649, 1660, 1675, 1683,
t69%, and 1705, With five solar maxima, onc obtains an
2verige length of 14.75 years from 1646 to 1705. During the
Daiton Minimum around 1800, two solar cycles lasted 14
years_each [{Hoyt and Schatten, 1992]. If convection was
weak in the Maunder Minimum, then it follows that sunspots
lived longer on average than present-day sunspots. Using (5)
and (6), the sunspot decay can be estimated to be ~16.6
MSH/d in the late 1600s. Observational evidence for slow
f‘_‘"ﬁmt decay rates comes from Spoerer [1889) where 2 out
= mnpots abserved from 1672 to 1700 iasted for four solar
fUiitons. In the past cemtury, one finds ~1 out of 769
Sunspoty survive through four solar rotations (e.g., Aflen.
1976]. The probability of seecing two longdived sumpols out
oFa sample of 23 spots is 1 in ~ 1100 if the Sun is same in the
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now. The observations suggest
ifferent in the late 16005,

asons to think that changes in
normalized decay rate of solar
solar convective strength and
Cycle lengths, the normalized
ean level of solar activity allow
to be extended back to the
Iz share many similarities. If
solar cycles lasted ~14 years
um, this would provide more
irradiance and would allow the
to the 1600s.

Maunder Minimum as it
that the Sun was indeed

In summary, thers are
solar cycle length and th
activity reflect changes i
hence in solar imadiance
cycle decay rate, and the
models of solar irradian
mid-1700s. All three mo
further research finds tha
during the Maunder Minip
support for changes in sol
models to be extended ba

2.4. A Composite Model lfor Irradiance Variations.

In #ach of the above septions we have discussed how a
change in convective energy transport may manifest itself by
changes in five solar indices: (1) the fraction of penumbral
spats, (2) solar eyele length, (3) equatorial rotation rate, (4)
decay rate of the solar cycle, and (5) mean level of solar
activity.

All the solar indices which we are proposing as solar
irradiance proxies rise frofn a minimum around 1880 to a
maximum in the 1930s. These extremes represent the peak-
for the last century which can
have only one value. There are geveral approaches that
could be taken to derive the amplitude of the variations. In
an earlier study of this prablem by Hoyt {197%4], a peak-
to-peak amplitude of 0.38% was deduced based vpon sun-
spot structiire, sunspot deday, and the mixing length theory
for convection. Using the Nimbus 7 abservations and Spen-
cer and Chrisry's [1990] tethperature record for {979 10 1990,
the Earth climate sensitivity can be estimated as 1.67 °K
change for each 1% changg is the solar irmadiance. For the
0.5 " rise in temperature from 18280 to 1940 2 0.30%
peak-to-peak sensitivity is implied. A 0.30% amplitude also
gives the best correlation |with climate. Nonatheless, bath
these numbers seem high, |since such a large upward trend
would probably manifest it4elf in the satellite measurements.
Lean et al. [1992] estimate that the Maunder Minimum may
have had an irradisnce 42.7 Wim? lower than the 1986
minimum, but Nesnes-Ribes and Mangeney [1992] estimate
a decrease of 0.5% or 6.8 W/m?, If the Dalton minimum and
the Maunder minimum both had cycle lengths of ~i4 years
and therefore similar levdls of irradiance, a peak-io-peak
variation over the last cenfucy of 0.14% to 0.35% is found.
The value 0.14% is used in|this paper sin¢e it is based solely
on known solar properiigs, so no recowrse to a climate
response nesds to be invoked, On the basis of our present
understanding of the sensitivity of the Earth to fluctuations
in solar irradiance, there jare no known mechanisms that
allow such a low amplitide of variation to explain the
observed climate fluctuatigns.

The five models are llustrated in Figure 8. The fraction of
penumbral spois mocdel moare year lo year variability
than the other models and|is probably picking up real solar
variations which the other nodels canno? resolve, The solar
rotation model has two pedks which arises, in part, from the
difficulty of obtaining a measure of solar rotation with
the few observations availible. Each model is taken to be a
diffcrent and somewhat imperfect measurement of an under-
lying “trye™ variations. re is celatively good phase
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Five Solar irradiance Models

| i Lty
= Pum. Sy

Fig. 8. Five irradiance modcls are scaled sothat they ¢ach have
a -to-peak amplitude of 0.14% over tfie last century. Despite
some differences, all the models are similar in deduging lower solar
irradiances in the 1800s, high values in the 19305, and lower values
after the 1930s. Changes in the solar rotaton rate is a strong
indication that changes in convective energy (rAAZPOIt are OCCUITING
deap within the convection zone.

agreement between the solar indices, as summanzed by
Table 1. The solar rotation appears to be.~11 years out of
phase with the other indices. Perhaps solar rotation is
responding to convection near the base of the convection
zone while the other indices are responding to convection
changes near the top of the convection zone.

To approximate an 1l-year selar activity component
which includes contributions from facular emission and
sunspot blocking, we use the measurements of the Wolf
sunspot number and the Nimbus 7 solar irradiances for
1978-1992 {Hoy: et al., 1992). During this period the annual
mean Wolf number (R,) has varied from =0 to 150 and the
solar irradiances (8.5) have varied by ~1.5 W/m®. Thus the
activity component of the solar irradiances can be approxi-
mated as

AS ity = 0.01R, (10)

A composite solar irradiance model based upon five solar
indices plus an added activity compeonent fs showa in Figure
9. The one standard deviation uncertainty provides a mea-
stire of the agreement among the different techniques used to
derive the imradiance variations. For 1700-1874, three indi-
ces exist for solar irradiance reconstruction, namely cycle
length, cycle decay rate, and mean level of solar activily.
For 18751978, up to five solar indices are used, namely the
thres just meationed plus solar rotation and the fraction of
penumbral sunspots. Two solar indices (sunspot structure

TABLE 1. Phase Relativnship of the Solar Indices
Year(s) of 20th

Index Century Maximum

Sunspat structure (/W) 1934
Fraction of sunspats, without umbrae 1933

Ratex of sunspot decay T available
Salar cycle leagths (1-2-1 filter) 1937.5 = 5.5
Salar cycle lengths (thix study) 1840
Normalized cate of solar cycle decay 1920-1931
Equatorial solar rotation 1924-19M
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and the time rate of change o’ftﬁ"amla‘;_' diameter) give simil.
time variations, but becaise of uncertainties in their valu,

. For 19791992 the iradiances are scal
to the mean of the Nimbus 7 measurements. In the compo
ite modei, adjpcent solar minima may differ by only a fe
hundredths of a percent and would be difficult to dete
v, a subject to which we now tumn,

RIMENTAL EVIDENCE FOR IRRADIANCE
or CoNVECTION CHANGES

hypothesis thpt the Sun has long-term variations in irra
arice like the pomposite model? In this section we exami
two groups of experimental evidence which bear on U
question. The first line of evidence is based directly up
radiometric measurements of solar irradiance either frc
satellites or the ground. The second line of evidence oc
cerns further findirect measures of solar irradiance or dit
nostic measufements of the photosphere that may indic:
changes in solar convection or irradiance. These two grou
of experimental evidence are split into two subsections.

3.1.

If the hypothesis of secular solar irradiance varialions
true, it might be detectable in the satellite observations ma
by Willson and Hudson (1988, 1991] using the active cav
madiometer (ACRIM) on the Solar Maximum Missi
(SMM). Wiilson and Hudson [1991] point out the SM
ACRIM meadurements in carly 1980 diverge from the 50
irradiance madels based upon variations caused by facu
emission. acive network emission, and sunspot blocki
The differende noted by Willson and Hudson may be
indication of|another source of solar irradiance variati

Pirect

The Mimbus|7 measurements support the SMM/ACR

measurements in indicating a modeling, as oppasad U
measurement problem, exists in 1980,

When actiyity is low or zero, a long-term trend in
irradiance might reveal itseif. Since the Nimbus 7 measu
ments are nojsy during the solar ntinimum, we gxamined

[

lombined Solar kradianca Modal

1840 1L 1550

Yo'

17T 1748 1800

Fig. 9. A jplot showing the combined solar irradiance m
uting the models in Figure 8 and adding a solar activily compon
The error show the relative disagreement among the diffe
tcchniques used to derive the irmadiance variations. For 1700-1
meodels based ppon cycle length, cyele decay rale, and mean lev
solar activity pre used. For 1875-1992. up to five solar indices
used. ‘
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the SMM/ACRIM data from 1985 to . #87. Days with sunspot
plocHings based upon the photometric sunspot index (PSI) of
Wiltien and Hudson [1991], are discarded vielding 271 quiet
days. The quiet days are not all afike, but vary by severai
renthis of a watt per square meter. The scatter is caused by
variations in the number of faculas present on quiet days and
{p a lesser extent by the .continuing presence of small
unresoived sunspots. Quiet days occurring just before a
sunspot appears or just after a sunspot disappears are
prighter than other quiet days. Starting carly in 1987 some of
quict days are influenced by very small sunspots since the
daily standard deviations of the ACRIM measurements
pacome larger. Sorting the quiet days into 6-month groups
and averaging reveals a smail upward trend from mid-{985
through 1986. This wrend is not statistically significant and
pecause of residual faculae does not allow the presence of a
background irend to be resolved. The composite model
proficts that a zero siope for irradiance must occur at each
5o - minimum which ean only be shortened or lengthened
by e any underfying trend. Self-consiztent measurements
of two or more solar minima, sufficient to detect differences
at the level of a few hundredths of 2 percent, are required if
radiometric observations are to detect the postulated
changes. '

Ahbot at the Smithsonian Astrophysical Observatory
(AP made extensive ground-based measurements of the
gai, verrestrial solar irradiance from 1923 to 1954 [e.g..
Hovi, 1979¢]. These measurements suffer from errors pr-
marily arising from the inability to remove all atmasphene
influences. For example, the Chilean volcanic eruptions in
1932 depressed the APO solar constant values ta their lowest
values. Therefore the APQ observations are not of sufficient
precision to resolve the validity of the sunspot structure
hunithesis, Persit [1932] made many observations of the
sl - ultraviolet flux in the late 19203, He finds high values of
soiar ultraviolet measurements at .32 pm occur when solar
acuvity is high. However, his active Sun uitraviolet irredi-
ances exceed his quiet Sun values by ~50%., Modemn obser-
vations and theory [e.g.. Lean, 1991] suggest variations a
this wavelength are <1%. Pettit's observations must have
some fiaw arising from instrumental problems or from data
rediiction errors.

i ~ummary, the radiometric measurements do not as yet
provide any evidence for 2 long-term secular variation in
solur irradiance except for the discrepancy between the
modely and satellite measurements in 1980, This lack of
evidence is perhaps no surprise since the predicted effect is
at ur beyond past, and perhaps future, capabilities.

32 tndirect Measures of Solar Irradiance
dne Diugnostic Measurements

_ll‘ there is some change in the convective energy transport
with time, there will be a change in the temperature gradient
't the photosphere. A temperature gradient change will
Calse b, and ¢, (in equation (2)) to vary, The coefficient a,,
Wil change if there is a global increase in the effective
l‘?m_n-:mlure of the Sun. Changes in limb darkening are
Premubly subtle and difficult to detect and may appear as
wismeter vaniations. Ko ef al. (1988] have examined
6 changes in solar limb brightness from 1983 10 1987 and
¢lim that a portion of the variations are explained by
facutuc, but another part of the variations are explained by

0002 <0

changes in the .cfective temperatiice of the photosphere,
Kroll er al. (1990] have measured changes in solar limb
darkening which they pastulate may be caused by changes in
convective energy trangport. Kroil et al.’s limb darkening
variations appear to have a component that is not well
correlated with solar activity changes.

Additional experimental evidence for changes in convec-
tive energy transport chmes from the examination of the
width of the carbon ljne at 5380 A [Livingston, 1990;
Livingston and Holwegkr, 1982]. This line is formed rela-
tively desp in the photosphere and shows a monotonic
increase in width from 1978 to 1990. Coupled with measured
variations of equivalent widths of other lines formed at
different depths in the photosphere, the temperature gradient
apparently is changing s=cularly, implying a secular change
in the convective energ¥ transport, with changes in b, and
¢, causing & solar irradiance change. Theoretical models
cannot, as yel, provide p quantitative estimate of the solar
iradiance variations ariding from this effect. It does suggest
that the solar limb darkening is changing secularly and that a
compaonent of solar irrpdiance variations exists which is
independent of the leveljof solar activity.

Yt another indicationlol changes in the convective energy
transport in the photosghers comes from measurements of
the bisestors of Fraunhdfer lines {Livingston, 1982]. These
measurements show that the asymmetry of the iron line at
5250: A changed betweén 1976-1977 and 1980-i981. The
change can be explainediby a change in the velocity of solar
convection, bui a theory relating these changes to an irradi-
ance change is not yet developed.

Finally, Scharten [1979] shows there are secular changes
in the brightness of the great red spot on Jupiter. Internaily
self-consistent Jovian observations cover the period from
1892 to 1948 and show fhe red spot was brightest around
1928, The =pot brightneks has a 0.63 correlation with the
composite irradiance madel compared to a 0.37 correfation
with Wolf sunspot number. Schatten atiributes the spot
brightness variations ta changes in the solar ultraviolet
radiation. These observdtions are consistent with the exis-
tence of a long-term secglar solar irradiznce variations.

The indirect measures geem to provide more support for a
secular change in solar frradiance than do the direct mea-
surements, The theories for solar convection, however, are
as yet nof sufficiently developed to convert these indirect
measures into a quantitdtive value for the change in solar
irradiance. They do indicate changes in solar convection
may be ocgurring which lare independent of solar activity.

4, THE QUIMATE CONNECTION

If the solar irradiance iy varying as postulated in the above
discussion, it can be expected o have some effect on the
temperature of the . In this section we empiricadly
examine the two questions: (1) is the Earth responding in a
manner consistent with an external forcing and (2) do the
Earth's temperature variations and the model solar irradi-
ance variations ¢orvelate|with each other?

A solar forcing will cause the two hemispheres of the
Earh to vary in parallel] The amplitudes of the responses
will differ becavse the|two hemispheres have different
amounts and distrbutions of land and ocean. To check for
evidence {or an external {orcing, we first separately detrend
the nerthern and southern hemisphere temperature records
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and Earth surface temperizn

Fig. 10. The annual mean oorthem hemisphere temperature
variations from Groveman and Landsherg [19795] for 17001873
and from Hansen and Lebedeff (1988] for 1880 to present, after
heing smoothed by an il-year runping mean {dotted line). The
madel uTadiances are overlain to show their similarity. The slight
divergence of the two curves in the last few decades may be
attributable (o a greenhouse gas warming effect which appears to be
consistent with a 0.19 *K warming for a CO; doubling.

of Harsen and Lebedeff [1987] using the slope of a lincar
regression fit through the hemispheric mean temperatures.
This upward trend in temperature over the Jast century can
be attributed 1o a greenhouse warming, an urban heat: island
effect [e.g., Karl and Jones, 19891, changes in the distribu-
tion and number of sampling stations [Willmort 1 al., 19911,
changes in the diurnal temperature sampling [Edwards,
19871, changes in shelter construction, thermometer type, or
local exposure [Mirchell, 1953], and other effects. Removing
the trends in temperature reduces the influence of these
extraneous efects. For 18801990 the detrended tempera-
ture variations of the two hemispheres have a correlation
coefficient of 0.55. The nondetrended temperaturs variations
have a 0.80 correletion. Both correiations are significant at
the 99.9% confidence level or better indicating that it is
highly probable an external forcing is being imposed. A
random walk type of climatic change would not be expected
to produce a positive correlation between the two hemi-
spheres.

Further evidence for the external forcing of climate
changes comes from the study of Ardanuy ef al. [19921.
Using the Mimbus 7 Earth Radiation Budgst (ERB) and
THIRS/TOMS data sets, they show that the Earth’s temper-
ature is stable in the sense that any variation is forced back
toward an equilibeium set point. The Earth therefore be-
haves like a thermostat with a fixed set point. Any long-term
drift away from the set point is thersfore unlikely. The set
point can be altered by changing its value through a change
in the composition of the atmosphere (¢.g., the greenhouse
effect) or by an external forcing (e.g., changes in surface
albedo or changes in solar irradiance).

The combined model for solar fradiance seen at the Earth
(Figure 9) extends over ~290 years so it would be useful to
compare it a hemispheric or global model for climate varia-
tions over this time. Groveman and Landsberg [197%a, b]
and Landsberg [1981] provide the anly published recoastruc-
tion of the temperature of the northern hemisphere from
1579 to 1880, ‘Their temperature anomalies can be extended
to the present by using Hansen and Lebedeff’s temperature
anomalies. All other published reconstructions of climate
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gver this timescals ar; Ioml!facoum:homWith fewer m

fewer thermometer obsérvations available as one goes ba
in time, the pncertainties in Groveman’s estimations
temperature become larger. L
The combiged solar irradiance model is correlated wj
the temperatyres of the porthern hemisphere of the Ear
(Figure 10). On a decadal timescale the solar irradian
model can explain ~71% of the variance during the past 1
years and —$0% of the variance since 1700. The mo
irradinnce and measured temperatures share many simila
ties, but sevetal differences are worth commenting on. T
irradiance made! predicts the mid to late 17003 are wamr

than Grove, and Landsberg deduce. Briffa et al. [199
however, indicate that 1748-1767 was the warmest 20-ye
group of sumsners in the last two centuries and 1761 wast

warmest summer in Scandinavia. Groveman and Lant
berg™s tempefature reconstriction ses thermometer m
surements prédominantly from Europe, so there may be
problem in the temperature recoastruction. Another dif
ence ocetirs for the 1830s, when Groveman and Landsber
temperatures |[show a much sharper peak than the irradiar
model. Finally, aronnd 1850 the modei frradianges a
temperatured go in opposite directions. Smyth [18:
claimed the $un was getting brighter at this time, whick
the opposite jof our model resulis. Clearly more work
reconstructing both the solar irradiance and the temperatt
variations is jrequired. Statistically, the tempemture vai
tions are congistent with a solar forcing, although physic:
the amplitud¢ of the solar variations imply the Earth wo
be mare sensitive to solar foreing than is generally believ.
a5 mentioned-in section 2.4

5. SuMMARY AND DISCUSSION

There is plausible evidence for long-term changes ins
irradiance. Qver the last two decades, diagnostic meast
ments of the kquivalent width of lines, the limb darkening
the Sun, and line bisectors all indicate secular change:
solar convedtion, the photospheric temperature gradit
and sofar irmdiance are possible. Additional evidence
long-term irmadiance changes come from such proxy m
sures as suRdpat structire, sunspot decay rates, the lengt!
solar cycles| the normalized solar cycle decay mte.
equatorial sdlar rotation rate, and the time rate of changt
L meter. The varjations in these indices .
plausibly be| explained as arising from a common sour
namely secular changes in solar convective energy Wansy
or convective velocities. We recognize that such changes
gutside the domain of usual theories of steflar structure.
then all the dbserved soiar variations do so too, Without .
consideration of the arguments put forth in this pape:
seems more blausible for all these solar proxies to play s
role in the Yarying solar irradiance than it would be for
ans 1o exist with an invariant solar brightne
¢ proxy models considered the solar out
vares by lets than about =0.2% in the last century.
solar conveltion zone stores approximatety 10 ergs
perturbation in radiative fux of 0.2 lasting for one cent
amounts to | part in 40,000 of the totai thermal energy sic
in the convection zone. For comparison, the thermal en
storage in the Earth’s aumosphere has varied by -1 par
500 over the last century. Energetically, there seems |
reason to rule out these irradiance variations, The longer
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mescale of the variations, the deeper the likely source for
the o+ urbation will be. Relatively short variations from
Sunspuis and faculae, lasting days, are the result of pertar-
pations in the top few thousand kilometers below the photo-
gphere. The root source of the longer variations may arise
from deep within the convection zone, perhaps at its base or
just below its bage, becanse of the observed solar rotation
changes. Endal et al. [1985] and Nesmes-Ribes and Manga-
ney [1992] explore possible mechanisms for irradiance vari-
ation« on the timescale of decades to centuries. Candidate
med.i«nisms include (1) « perturbations in which stochastic
variations in the energy tramsport arise from the finite
pumber of convective cells involved, and (2) g perturbations
in which changes in pressure, perthaps arising from changes
in the strength of the magnetic field, alter the rate of energy
transport. Plausible arguments can be made in behalf of both
mechanisms. '

7. postulated irradiance variations are only a few tenths
of . .ercent over periods of several decades and therefors
will be difficuit to detect. Present measurement plans do not
appear to pravide sufficient redundancy and overlap to
datect low-level secular imadiance variations.

The correlation of the solar indices and modeled solar
irradiance with the Earth's temperature are significant at
better than the 99% confidence level. However, if the
am~'itude of the solar irradiance variations is only ~0.14%
fr:-. 1380 to 1940 and if the Earth's climate responded with
a 0.3 "K warming, then the climate would be much more
sensitive (o solar forcing than is commonly assumed. The
direct effect of a 0.14% increase in solar irradizncs counld
only account for a ~0.23 “K increase il the sensitivity to
solar influences is 1.67 *K per 1% increa%e in solar output
{based upon the last decade of satellite observations). The
amrfitude of the solar variations remains highly uncertain
w  nost estimates ranging from 0.14% to 0.38% over the
pusl century, With the higher-amplitude estimates there are
less probiems connecting the solar variations to climaric

changes. On decadal timescales the climate sensitivity can -

be expected to be larger due to several positive feedbacks.
Potential positive feedbacks include a decrease in the jce and
show cover, an increass in plant absorptivity as it becomes
greener in a warmer work!, an increase in absorption by
w.o v surfaces as wind velocities decrease (based upon
ch_;-.ngcs in the length of the day), and changes in plant
oticniation and albedo as wind velocities change. The last
three potential feedback loops are not included in present
day climate models. The postulated solar irradiance varia-
fions may explain part of the Earth’s interannual tempera-
ture variations although their effects would be most evident
in long-lcnn trends in temperature on hemispheric and global
spoal scales. '
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