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AREQUIPA PYRHELIOMETRY
By C. G. ABBOT*

In 1910 the Committee on Solar Radiation of the International
Union for Cooperation in Solar Research recommended that regular
observations of the intensity of solar radiation should be under-
taken at additional stations in relatively cloudless regions far re-
moved from existing stations. Prof. E. C. Pickering thereupon
offered to undertake such observations at the Arequipa, Peru,
station of the Harvard College Observatory if suitable apparatus
should be furnished. In conversation between Messrs. Pickering
and Abbot it appeared inexpedient to undertake a complete spectro-
bolometric program for the determination of the solar constant of
radiation, but pyrheliometric observations were proposed whenever
weather should permit, :

By authority of the Secretary of the Smithsonian Institution, a
silver disk pyrheliometer was lent for the purpose. This unfortu-
nately was broken in transportation, and much time was lost owing
to the delays of communication, so that it was not until the summer
of 1912 that silver disk pyrheliometer S. I. 17 arrived at Arequipa.
This instrument also was damaged in transportation, by loss of
mercury from the cavity in the silver disk. But this defect was
skillfully repaired by Senor J. E. Muniz.

It is probable that this alteration involved some slight change in
the constant of the instrument, but probably not more than 1 per
cent. Until we obtain further knowledge we may therefore retain
the value of the constant as stated in * Smithsonian Pyrheliometry
Revised,” namely, 0.3635.

Individual measurements were made at Arequipa in the manner
described in the publication just cited. The general plan of the
work, as proposed by Mr. Abbot, was to secure measurements of the
pyrheliometer and psychrometer at highest sun, and also at a solar
zenith distance of about 70, corresponding to three times the path
in air which obtains at zenith sun. Some delay occurred in making
these requirements fully understood at Arequipa, and it is to be

* Published by the Smithsonian Institution by request of Director E. C. |
Pickering of the Harvard College Observatory.
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. regretted that it has not generally proved practicable in connection
with other duties for the observers to secure measurements with the
[ air mass as great as 3. {
| At Prof. Pickering’s desire the observations are reduced and

published by the Smithsonian Institution. They were made at
Arequipa mainly by Dr. Leon Campbell, and in part by H. Perrine.
Computations are mainly by L. B. Aldrich. The position of Are-
quipa 15: Long. 4® 46™ 17.73° W, Lat. 16° 220 28" S, Al 2451
meters.

Nothing would be gained by making a series of pyrheliometer
measurements at a station no higher than Arequipa if such a series
did not throw light on the variability of the sun or on the varia-
bility of the transparency of the earth’s atmosphere. Two kinds of |
solar variability are thought to exist. One is associated with that

general solar activity which is indicated by facule, sun spots, and

. other visible solar features. This type of variability may be ex-
|
|

pected to march in rough correlation with the eleven year sun spot
cycle. Another type of solar variability appears to be of short
irregular intervals in its fluctuations, which are to be measured by
days or months rather than by years.

: As for the variations of atmospheric transparency, we need not

I consider those caused by ordinary cloudiness. Pyrheliometer meas-
urements are made only when the sky around the sun is cloudless.
Water vapor and dust are the two variable elements which princi-

l pally affect the atmospheric transmission of solar radiation. Water

; vapor is effective in two ways: it absorbs radiation of certain wave-
l lengths, particularly in the infra-red spectrum; and it associates
itself with dust to produce haze which scatters the solar radiation
1 of all wave-lengths, thus increasing sky light at the expense of

direct sun light.

At so high a station as Arequipa, dust, except as associated with
water vapor to form haze, is generally not very effective to diminish
solar radiation. But after forest fires or great volcanic eruptions
it may be of very great influence.

The hindrance of solar rays by the atmosphere is of course de-
pendent on the length of path of the solar beam therein. For zenith
' distances (Z) less than 70° the length of atmospheric path is closely
proportional to secant Z. Suppose one could observe the solar
| radiation outside the atmosphere, and also at the earth's surface at
r zenith distances whose secants were 1, 2, and 3. Let the four values
I of the intensity of radiation be ¢, ¢;, ¢,, ¢4, respectively, Let the

: . Eobe e : Ve
fractions =1 2 % be denoted by a,, a,, @, respectively. These
Cy € Cy
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values may be called the atmospheric transmission coefficients at
the given station for the first, second, and third air masses. As
shown by Forbes and many subsequent writers, a,<a,< a,, when,
as with the pyrheliometer, a complex beam including many wave-
lengths 1s obseryed.

Confining ourselves altogether in treating of atmospheric trans-
parency to the consideration of the quantity a, for the station Are-
quipa, as we shall do in this paper, we propose to investigate its
dependence on the amount of atmospheric humidity, and on the
season of the year. We hope that the observations may be continued
long enough to give good correlation factors in these respects, so
that in future years abnormal changes like those caused by volcanoes
will reveal themselves, and their climatic influences may be studied.
Remarks on the influence of the dust from the Katmai eruption of
1912 will appear below.

A second object of the work is to connect by empirical formulee
the values of intensity of solar radiation, atmospheric transmission,
and humidity as observed at Arequipa with the values of the solar
constant of radiation outside the atmosphere determined by the
spectro-bolometer at Mount Wilson. Thus it is hoped to employ
Arequipa observations to indicate variations of solar emission of
radiation.

No sufficient object to justify printing all Arequipa pyrheliometer
values seems to exist. We therefore abridge the results as shown
in the following table. Generally observations were secured with
secant Z values as small as 1.3, and often as small as 1.05. To give
the best possible comparable values of pyrheliometer measurements,
we have interpolated the values for air mass 1.2" In addition we
give the values for 1.0 and 2.0 air masses whenever this can be done
with fair certainty. From these latter values come the transmission
coefficients a,. The humidity was determined sometimes by swing-
ing wet and dry thermometers, sometimes by the hydrograph. We
have compared results by the two methods, and have expressed all
in terms of pressure of aqueous vapor in millimeters of mercury.
The values given in the table are the mean values for the interval
of time covered by the pyrheliometer measurements of each day.
The letters A4, M, and P signify morning, noon, and afternoon, re-
spectively. In the two final columns, after the date and the initials
of observers and remarks, are given empirical determinations of the
solar constant of radiation, of which more will be stated hereafter.

i

' We shall use the term “air mass” in this paper as the equivalent of secant

Z, taking no acount of barometric pressure.
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We now give in Table 2 mean monthly values of the intensity
of solar radiation (e,,) at air mass 1. 2, the fransmission coefficient
a,, the pressure of aqueous vapor p, and the empirical solar constant
values ¢,, of which more is said below. The table gives also the
number of days on which radiation was observed. This considerably
exceeds the number of days on which the atmospheric transmission
could be determined. Monthly means based on very meager data
are indicated by parentheses.
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Fig. 1.

General mean: Of e, , =1.496; of a,=.860; of p=35.97.

Examination of the foregoing table fails to indicate any notable
abnormalities covering considerable periods. In other words nothing
appears to lead us to suppose that these were not normal years for
Arequipa (unless as regards the number of clear days, on which
we say nothing). This is especially interesting, for in the northern
hemisphere the year 1912 was notable for the great decrease in
direct solar radiation received at the earth’s surface, and of atmos-
pheric transparency, which speedily followed the volcanic eruption
of Mt, Katmai in June of that year. Remnants of this volcanic
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dust still remained distinguishable by pyrheliometry in the United
States up to near the end of the year 1913. No indication of its
presence above Arequipa in either 1912 or 1913 seems to be shown.
The volcanic dust from Katmai, though general in the northern
hemisphere, seems not to have crossed the equator.

In the last line of the table the mean monthly radiation values
for the whole period of observation have been reduced to what they
would have been if the sun’s distance had remained uniform at
its mean value. The close connection between solar radiation at
the earth’s surface, and atmospheric humidity is brought out graphi-
cally in fig. 1. Ordinates are mean monthly values of e, , reduced
to mean solar distance, abscisse are corresponding mean monthly
values of water vapor pressure (p). The smoothness of the curve
defined by these points is remarkable. It is perhaps to be ascribed
to the great altitude and inland location of Arequipa. Apparently
the degree of atmospheric humidity at the earth’s surface there is
a good index of the total quantity of humidity existing between the
station and the limit of the atmosphere.

It is obvious, of course, that fluctuations of atmospheric trans-
mission coefficients must also produce their effects on the observed
intensity of solar radiation at the station. Such fluctuations are
of two kinds: First, those associated with changes of water vapor.
Second, those associated with changes of dustiness, such as those
produced in the northern hemisphere by the Katmai eruption. The
influence on the solar radiation of fluctuations of the first type,
which are a function of the humidity, may be generally (for a
high-level station like Arequipa) much greater than those associated
with dust alone. But it might well be expected that for certain
months of the year the dust fluctuations would be by no means
negligible. However, restricting our thought to a high-level station
like Arequipa, and remembering the powerful true absorption pro-
duced in the infra-red spectrum by water vapor, and the large
changes in this true absorption attending changes of humidity when
the humidity and air mass are both small, it is easy to see after all
why the observed radiation at M=1.2 at Arequipa seems to be so
well represented as a function of water vapor alone. For both the
true absorption and a large proportion of the variable elements of
the general scattering are functions of water vapor. Compared
to these, the variable scattering produced by dry dust alone is gen-
erally small.

In figure 2 the radiation, e, (not reduced to mean solar distance),
the vapor pressure, p, and the transmission, a@., are all given as func-
tions of the time of the year.

Al
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The data of figure 1 have been represented by the following two
formule, one expressing the radiation e, , (reduced to mean solar
distance) as a function of vapor pressure, p, alone, the other as a
function of vapor pressure, p, and transmission a, :

T 0.75
7 corr — 0,981 4 /D
Formula 1. %" =0.981+ poiaa

Formula II. e®"=1.50 + (5.25—f)0.19+ (a,—0.85)0.63

o ; o
% e T N
—5 ’\ﬁ / \~v' \ﬂ &
\' / \Q. /‘h’ga__./\ / I \
9 Zamilf, . Sl L5 3
o e i
W @ R e
] i / o S -
% JIr /)\ "\m = 7"’\
Azl X i @ S|
= = =g
0 ]
S Areajuipa |MontrLy Mean Vatues .
i ¢ [RADIATION. SEC.ZS1.2.
H © |WATER-VAPOR PRESSURE.
g | A ATMO

Uaw  Fep Man Am Mar  Joe  Juy Mws  Serr Ot Now  Dec. Jam

FiG. 2.

We now come to a very interesting application of these formule.
During the period of about four years covered by the Arequipa
observations, we may assign as the mean value of the solar con-
stant of radiation outside the atmosphere 1.93 calories per sq. cm.
per min. Dividing by this value we have the following empirical
formule for obtaining from Arequipa daily observations values of
the solar constant of radiation:

carr
ghz

Formula I gg=——
0.5084- C;S’igg

corr
€12

Formula I1. e,= o= oiir e
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During the years 1913 and 1914 the solar constant was determined
at Mount Wilson by spectro-holometric observations on some of the
days when these formule are applicable to Arequipa observations.
From 34 comparisons of Arequipa and Mount Wilson solar con-
stant values, the average deviation of individual days is about 2.5
per cent. Omitting 5 days when unusually great discrepancies oc-

$

curred, owing to poor sky at one station or the other, the average
deviation is only 2 per cent.

Under the circumstances it seemed unreasonable to hope that for
individual days the empirically derived solar constant results from
Arequipa observations would be of sufficient accuracy to show the
short-period fluctuations of the solar constant. It might reasonably
be expected, however, that monthly mean values would seldom differ
by more than 1 per cent from the values obtained in corresponding
months at Mount Wilson. Thus a new confirmation of the varia-

) bility of the sun in its longer periods may be hoped for from
pyrheliometry and psychrometry at Arequipa alone. This hope
seems to be confirmed by the following Table 3. Both Arequipa
values (formule [ and II) are given, but the number of days

relates to the first method values, which are more numerous.

TasLe 3—Monthly Mean Solar Constant Values

e |
| 3 | 1 |
WEANEH ovveamsnsen s cims j]g]]y I Aug. | Sept. | Oct. | Nov. ]3::: TJuly | Aug. _Sept.‘ Oct.
Arequipa.........J11.87 1.89 |1.90 [1.86 1.92 [1.06 [1.05 |1.96 |1.04
SN J[Il.tif) 1.89 1,02 |1.89 |.... [I.91 [1.08 [1.04 |1.04
Ui il b oot et e [ s AR B - 6 5 ¢ 12 i1 |22 |18 | 13

Mount Wilson.. . ...|1.0251.031|1.020/1.874|1.876(1.052|1.056/1.064|1.943 . ...
Nowdayet.rusw 3 18 ‘ 25 24 | 3 | 14 14 22 13 |
| |

The comparisons of July and November, 1913, have little weight
because of the small number of days observed at Mount Wilson.
Apart from these months only one, August, 1913, shows a difference
of more than 1 per cent between Arequipa and Mount Wilson. Both
stations agree in showing the interesting result that the solar constant
was decidedly higher in 1914 than in 1913.

With the word of caution that individual day’s values may often
be in error by as much as 5 per cent, and on the average by as much
as 2 per cent, we have included in Table 1 two columns giving the
daily solar constant values determined from Arequipa pyrheliometry
by means of formule I and II. Table 2 gives the mean monthly
solar constant values by formule I and II. Months for which no
values of vapor pressures are available are supplied by taking the
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mean monthly vapor pressures for these months for several years as
given in Table 2. Such solar constant values are given in parentheses.

Finally the 29 days with solar constant values available for fav-
orable comparison between Mount Wilson and Arequipa have been
divided into two groups of high and low values respectively, as in-
dicated by Mount Wilson work. The mean values are as follows:

S wdl :
Station ‘ Group I ‘ﬂ‘;'s Group 11 dti?s. Group I-Greup 11

Mount Wilsonis, coie e 1.054 15 1.803 14 0.061

Arequipa Formula I[.....| 1.936 13 1.900 14 0.036

Formula I, ....| T.943 13 1.907 | 14 0.036

The days selected are these:
1913. Aug. 5, 12, 18; Sept. 2, 3, 9, 17, 18, 22.
Group I'{Igm. June 16, 23, 24 ; July 17, 23, 28.
1913. Aug. 4, 6, 15; Sept. 4, 8, 10, 26, 27, 29, 30;
Group 1L T s
1914. June 21.

This comparison, so far as it has weight, evidently tends to con-
firm the existence of short-period irregular solar variations, dis-
covered by other investigations.

Summary.—Observations with the silver disk pyrheliometer and
nearly simultaneous measurements of atmospheric humidity have
been made since August, 1912, at Arequipa, Peru, at the station of
the Harvard College Observatory.

From these observations have been determined values of the
solar radiation at Arequipa corresponding with secant Z equal to
1.0, 1.2, and 2.0; values of pressure of aqueous vapor, and values of
the diminution of radiation attending the passage of the sun from
the zenith distance whose secant is 1.0 to that whose secant is 2.0.

Owing to other occupations the observers have generally made
these observations when the sun was within 60° of the zenith, On
this account determinations of atmospheric transparency are not
always possible, and are of less weight than other data given.

The results are collected to give monthly mean values. These
_show a remarkably close connection between radiation and vapor
pressure. Advantage is taken of this close correlation to determine
by empirical formule values of the solar constant of radiation.
These empirical values agree quite as well as could be expected with
values obtained at Mount Wilson, California, by complete spectro-
bolometric and pyrheliometric measurements combined. The Are-
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quipa results confirm the variability of the sun, both from year to
year and from day to day, shown by investigations at Mount Wilson
and elsewhere.

It seems probable that from observations similar to those at
Arequipa, if conducted at eight or ten favorable stations of high
level in various parts of the world, the variations of the sun cculd be
determined almost or quite as certainly as from two stations equipped
for complete spectro-bolometric determinations of the solar constant.

The Arequipa results indicate that the volcanic dust which was
general in the atmosphere in the northern hemisphere for more than
a year after the volcanic eruption of Mt. Katmai, Alaska, in June,
1912, did not influence the transparency of the atmosphere in Peru.
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