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electromagnetic energy is radiated at wave- 
lengths shorter than 300 nm, changes in this 
radiation may account for signific&tly more 
than 1% of the variations in the sun's total 
irradiance. 

Both the UV irradiances and the total 
irradiance vary throughout the 11-year sun- 
spot cycle, reaching their peak values at 
times near the maximum of solar activity. 
Measurements by the Earth Radiation Bud- 
get (ERB) radiometer on the Nimbus 7 
satellite and the Active Cavity Radiometer 
(ACRIM) on the Solar Maximum Mission 
(SMM) have shown that during solar cycle 
21 the ~eak- to -~eak  am~litude of the 11- 
year variation in the sun's total irradiance 
was approximately 0.08% (4, 5 ) .  Solar ob- 
servations at UV wavelengths, made during 
solar cycle 21 by the Solar Backscatter Ultra- 
violet (SBUV) experiment on the Nimbus 7 
satellite, and by the solar spectrometer on 
the Solar Mesosphere Explorer (SME) have 
established that the magnitude of the sun's 
UV irradiance variations over the 11-year 
cycle is approximately a factor of 2 at Lyman 
a (121.6 nm), decreasing to 10% at 200 
nm, 5% at 250 nm, and less than 1% at 
wavelengths longer than 300 nm (6). These 
UV irradiance variations are thus considera- 
bly larger than the 0.08% solar cycle varia- 
tion in the total irradiance. 

Quantitative evaluation of the contribu- 

Solar Solar 
1370 maximum minimum 

l ' l ' I ' ~ 1 ' l  

...... ACRIM 
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Year 

Fig. 1. Variations in the sun's emission during the 
declining phase of solar cycle 21, as evidenced by 
81-day running means of (a) the total irradiance 
(4, 5) and the W irradiance at (b) Lyman a and 
in the wavelength intervals (c) 200 to 250 nm 
and (d) 250 to 300 nm (6, 13). The asterisks are 
the SUSIM measurements (10). 

tion of UV irradiance variations to changes 
in the sun's total irradiance has been hin- 
dered bv a lack of accurate UV irradiance 
measurements at different phases of the 11 - 
year solar cycle (7-9). Concurrent ACRIM, 
ERB, SME, and SBUV data now make it 
possible to investigate this question. Shown 
in Fig. 1 are the sun's total irradiance and 
W irradiances at Lyman a and the wave- 
length intervals 200 to 250 nm and 250 to 
300 nm during most of solar cycle 21. The 
data in Fig. 1 are 81-day running means of 
the daily observations, so that day-to-day 
fluctuations associated with the 27-day solar 
rotation are not shown but intermediate and 
long-term trends are emphasized. Note that 
3 W m-2 has been subtracted from the ERB 
data, to account for the difference in abso- 
lute calibration between the ACRLM and 
ERB radiometers. Solar UV irradiance data 
at wavelengths longer than 200 nm have 
been normalized to measurements made in 
August 1985 by the Solar Ultraviolet Spec- 
tral Irradiance Monitor (SUSIM) flown on 
Spacelab-2 (10). With a reported uncertain- 
ty of better than 5%, the SUSIM UV 
irradiance measurements are the most accu- 
rate now available. 

Long-term, downward trends, coincident 
with the decrease from maximum to mini- 
mum solar activity, are evident in Fig. 1 in 
both the ACRIM and ERB total irradiance 
data and in the SME and SBUV spectral UV 
irradiance data. Similarities and differences 
between the ACRIM and ERB measure- 
ments before 1985 have been discussed else- 
where (9) .  Their somewhat different upward 
trends since then are still being investigated. 
At the UV wavelengths, solar irradiance 
measurements made by SME are potentially 
more reliable than those made directly by 
SBUV for determining long-term trends. 
This is so because the SME instrument 
carried stored, reference diffisers that have 
allowed an assessment of long-term changes 
in its responsivity associated with changes in 
diffuser reflectivity. However, the stated 
long-term precision of the SME solar irradi- 
ance data base is 22% per year, a value that 
exceeds the observed changes at wavelengths 
longer than 250 nm. Ongoing analysis of 
the SME instrument performance, especially 
relative to small temperature effects in the 
wavelength drive system, may soon improve 
the long-term precision of the SME irradi- 
ance measurements (1 1). The SBUV experi- 
ment, despite significant degradation in its 
diffiser reflectivity, has provided precise ob- 
servations of long-term changes in the emis- 
sion from the core of the Mg I1 Fraunhofer 
doublet near 280 nm, relative to emission in 
the wings of the doublet (12). Ratios of the 
core emission to the wing emission, known 
as the Mg index, have been used in conjunc- 
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Fig. 2. Spectrum of (a) the sun's electromagnetic 
radiation, together with estimates of the contrast 
of (b) faculae and (c) sunspot umbrae and pen- 
umbrae (20). 

tion with obsen~ations of the short-term UV 
irradiance variations associated with solar 
rotation to generate irradiance variations at 
UV wavelengths longer than 160 nm (12, 
13), and it is these data that are shown in 
Fig. 1. The agreement between the SME 
and SBUV data at 200 to 250 nm gives 
confidence that the variations shown in Fig. 
1 are indeed of solar, rather than instrumen- 
tal, origin. 

To estimate the downward trends in the 
irradiance in Fig. 1, linear fits were calculat- 
ed for the daily data between 1 July 1981 
(when the UV irradiances were near their 
maximum values) and 30 June 1985 (near 
minimum solar activity). From regressions 
of the ACRIM and ERB data against day 
number, values for the decrease in the total 
solar irradiance, S, over this period were 
determined to be 0.78 and 0.64 W m-', 
respectively, with a mean value of AS = 

0.71 W m-2. UV irradiance changes ob- 
tained from regressions of the SME Ly- 
man a data and the SBUV Ma index data 

u 

against day number, over this same period, 
are given in Table 1. Coincident with a 
decrease in S of AS = 0.71 W m-2 was a 
decrease of 0.0025 W m-2 at Lyman a and 
0.136 W mP2 at 200 to 300 nm. Variations 
in the Lyman a emission during this time 
period thus accounted for 0.35% of the 
change in S, even though the energy con- 
tributed to S by Lyman a radiation is negli- 
gible (<0.0004%). Changes in the solar 
spectrum at wavelengths between 200 and 
300 nm accounted for 19% of the decrease 
in the total radiative output, although only 
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Table 1. Contribution of the solar UV spectral irradiance, I, to the total solar irradiance, S = 1366.8 
W m-2, and of AI over the period 1 July 1981 to 30 June 1985 to AS = 0.71 W m-'. The contribution 
of AI to the change in the total irradiance corrected for sunspot blocking, AS, = 1.86 W m-', is also 
given. Values of I are from ( lo) ,  measured near minimum solar activity, and S is the solar minimum 
value of the total irradiance measured by ACRIM. The values of AS and AS, used here are averages 
determined from the ACRIM and ERB measurements. 

Wavelength I I as A1 AI as A1 as 
(4 (W m-2) % o f S  (W m-2) % of AS % of AS, 

121.6 (La) 0.004 <0.0004 0.0025 0.35 0.13 
200-250 1.97 0.14 0.059 8.3 3.2 
250-300 14.0 1.02 0.077 10.8 4.1 
300-350" 43.11 3.15 0.031 4.4 1.7 
350-40OX 61.76 4.52 0.061 8.6 3.3 

Sum 120.84 8.83 0.23 32.1 12.3 

*See text. 

S, = ACRIM + 1366.8 x P, 
, , . , . , . , , "(1 - ~ = - 3 . 4 + 8 5 I . 8 x L a  

,.,.,.,./.."I. 

01 I I I I I 
1981 1982 1983 1984 1985 

Year 

Flg. 3. Variations in S,, the total solar irradiance 
corrected for the effect of sunspots by removing 
P, from the ACRIM total irradiance observations 
(solid line), compared with the variations in the 
Lyman a (La) irradiance variations measured by 
SME (dotted line). For comparison with S,, the 
Lyman a data have been transformed to an equiv- 
alent S, by linear regression. The data shown are 
81-day running means of the daily observations. 

1.16% of S is emitted in this wavelength 
band. 

Solar spectral irradiance variations at 
wavelengths longer than -300 nm were not 
measured by SME, but estimates obtained 
from the Mg index indicate a decrease of 
0.092 W m-2 in the solar irradiance be- 
tween 300 and 400 nm. Changes in this UV 
radiation, which contributes 7.7% of the 
total irradiance, may therefore account for 
an additional 13% of the total irradiance 
variations over this time interval, with the 
following caveat. In estimates of long-term 
irradiance variability based on the Mg index 
it is assumed that the origins of both the 
long-term and the short-term variations are 
identical, that is, enhanced emission from 
bright active regions. This assumption be- 
comes increasingly less valid for irradiance 
variations at wavelengths increasingly long- 

ward of 300 nm because, as discussed be- 
low, the contribution of sunspot darkening 
to solar irradiance variations increases with 
wavelength. 

Although both the total and the W 
irradiances exhibit overall, long-term, 
downward trends during the declining 
phase of solar cycle 21, there is not a simple 
linear relation between their variations 
throughout the entire solar cycle. This is so 
because variations in the total solar irradi- 
ance result from the competing effects of 
both bright and dark active regions, that is, 
faculae and sunspots (14, 15), whereas 
bright active regions alone are the dominant 
source of irradiance variability at wave- 
lengths shorter than 250 nm (1 6, 17). 

Sunspots are regions in the photosphere 
where the heat flow is inhibited, with a 
reduction in emission corresponding to the 
reduced temperature. Faculae are those 
magnetic regions in the sun's photosphere 
where the emission from the visible continu- 
urn is enhanced above that from the sur- 
rounding quiet sun (18). When the sun's 
disk is viewed at the shorter UV wave- 
lengths corresponding to light emitted high- 
er in the solar atmosphere, bright active 
regions, called plages, are observed approxi- 
mately cospatially with the photospheric 
faculae. Thus the terms faculae and plages 
typically refer to bright active regions 
viewed, respectively, at visible and W 
wavelengths. In general, plages cover ap- 
proximately an order of magnitude more of 
the sun's disk and are longer lived than 
sunspots (19). 

Figure 2 illustrates the spectrum of the 
sun's radiation and the spectral contrasts of 
both bright faculae-plages and dark sunspots 
(20). The contrast is the ratio of the specific 
radiance from an active region relative to 
that from the nearby, background quiet 
sun. When observed at UV wavelengths, 
sunspots are darker and plages are brighter, 
relative to the background quiet sun, than 
when they are observed in the visible region 
of the spectrum. But, whereas the excess 

emission (contrast - 1) from bright active 
regions increases by approximate& two or- 
ders of magnitude as the wavelength de- 
creases from 500 to 200 nm, there is a much 
smaller corresponding increase of only 35% 
in the sunspot emission deficit. This explains 
why, relative to faculae, sunspots play an 
important role in the variability of solar 
radiation at wavelengths between 400 and 
800 nm, which composes 48% of the total 
irradiance, but only a minor role in the 
variability of radiation at wavelengths less 
than 300 nm. And it is because sunspots do 
not block the sun's W radiation in the same 
wav that thev block its visible emission that 
UV irradiance variations account for such a 
significant fraction of the variations in the 
sun's total irradiance. 

That the sun's total irradiance is brighter, 
rather than dimmer, during times of peak 
solar activity indicates that there is a source 
of enhanced emission that varies over the 
11-year cycle, and whose integrated radia- 
tion more than compensates for the de- 
creased output in the region of sunspots (9, 
15). To better understand the temporal be- 
havior of this brightness source, the bolo- 
metric sunspot blocking function, P,, can be 
used to remove from the measured total 
irradiances those variations associated only 
with sunspots (9, 21). Converting P, to 
watts per square meter and removing it from 
the ACRIM S measurements yields the cor- 
rected irradiances, S, = S + 1366.8 x P,, 
shown in Fig. 3. Also shown in this figure 
are the SME Lyman a irradiances, which 
have been transformed to an equivalent S, 
by linear regression. It is clear in Fig. 3 that 
S, and the Lyman a irradiances behave 
remarkably similarly throughout the entire 
descending phase of the solar cycle, presum- 
ably because they are both varying in re- 
sponse to changes in a common source of 
enhanced emission on the solar disk, S, at all 
wavelengths and Lyman ci in only the UV 
portion of the spectrum. Because of sunspot 
blocking, the solar cycle variation in S is 
smaller than that in S, so that the UV 
irradiance variations account for a larger 
fraction of the variability in S than in S,. 
Over the period 1 July 1981 to 30 June 
1985, the change in S,, determined from 
linear regression of S, against day number, 
exhibited values of 2 and 1.74 W m-2, from 
the ACRIM and ERB measurements, re- 
spectively. Included in Table 1 are estimates 
of the contribution of the UV irradiance 
variations to AS, = 1.86 W m-2 (the mean 
value of the ACRIM and ERB estimates). 
The decrease of 0.14 W m-2 at wavelengths 
between 200 and 300 nm accounts for 7% 
of AS,, compared with 19% of AS. 

Earlier investigators have shown that the 
variation in S, is similar to the variation in 
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the strengths of various Fraunhofer lines 
from the mid-photosphere and chromo- 
sphere and have concluded that the source 
of the solar cycle variation in S, is the facular 
brightening associated with magnetic fields 
that penetrate the upper layers of the solar 
atmosphere (9, 22) .  The correspondence 
between changes in Sc and in the Lyman a 
radiation, which is formed in the upper 
chromosphere, supports this idea. Other 
studies, however, have suggested that only 
part of the physical origin of the Sc variation 
is facular, the remainder being attributed to 
either global pulsations (5) or photospheric 
temperature variations (23) .  It remains to be 
seen whether mechanisms for S, variations, 
other than a solar cycle variation in facular 
emission, can also account for coupling be- 
tween S ,  and the Lyman a emission. 

It will be of interest, in the future, to 
determine how changes in the entire solar 
spectrum, not just the W portion, corre- 
spond to variations in total irradiance. In 
particular, measurements of irradiance varia- 
tions at wavelengths from 300 to 400 nm, 
which may account for some 13% of the 
total irradiance variability, have yet to be 
made with sufficient precision to permit a 
reliable evaluation of the contribution of 
this spectral region to total irradiance vari- 
ability or to establish the relative roles of 
sunspots and faculae for understanding ei- 
ther the day-to-day variations or the solar 
cycle trends. Simultaneous observations by 
ACRIM I1 and SUSIM, both to be 
launched on the Upper Atmosphere Re- 
search Satellite, should allow an improved 
understanding of both the total and the W 
solar irradiance variations. 
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Kestel: An Early Bronze Age Source of 
Tin Ore in the Taurus Mountains, Turkey 

An ancient mine located at  Kestel on  the outskirts of Nigde, in the Taurus Mountains 
of south central Turkey, has been dated by radiocarbon and pottery type to  the third 
millennium B.C. Archeological soundings in the mine located cassiterite (tin oxide) in 
the detritus of ancient mining activity. Cassiterite is also present in veins and, as plac- 
er deposits, in streams nearby. Since tin is used with copper in order to form bronze 
but is thinly distributed in the earth's crust, the presence of tin ore at Kestel offers a 
source for the much sought after tin of the Bronze Age. The discovery of an ancient 
mine containing cassiterite sheds light on  this question, but also greatly complicates 
the accepted picture of regional economic patterns in the highland resource areas of 
Anatolia and of interregional metal exchange in the formative periods of urbanization 
and metal use in the eastern Mediterranean. 

T HE BRONZE AGE BEGAN IN SOUTH- b r o m  occurred largely during the third 
western Asia in the fourth millenni- millennium B . C .  By the mid-second millen- 
um B . C .  with the introduction of 

metal objects in which copper had been K. A. Yener and M. Goodway, The Conservation Analyt- 
ical Laboratory, The Smithsonian Instiation, Washing- 

alloyed primarily with arsenic or tin. Metal ton , , ,D~ 20560, 
assemblages excavated from major urban H. Ozbal, De a m e n t  of Chemistry, Bogazi~i Universi- 

ty, PK2 Bebe!, Istanbul, Turke centers ancient Anatolia, Syria, and E, KaDtan. Muse- of NaturJ'History. Turkish Geo- 
Mesopotamia reveal the development of an logicai ~esearch and Survey ~irectoraie; Ankara, Tur- 
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