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Abstract A complete dataset of sunspot drawings recorded at Sacramento Peak Observa-
tory (SPO) from late 1947 till mid-2004 has been digitized. We present the history of the
observations and describe the data included in the drawings. We compare the sunspot num-
ber index calculated from the SPO data and the International Sunspot Number (Syv2), and
we find that both series exhibit a similar behavior. The ratio of two sunspot numbers is rel-
atively constant at about 1.2—1.3 during 1955-1995, with larger variations present at the
beginning of the time series. This work represents the first step for the publication of the
SPO sunspot catalogue in digital format. More information, such as positions and areas of
sunspots, will be included in the next versions in order to provide the space weather and
climate community a more complete sunspot catalogue with good quality observations.
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1. Introduction

Sunspot drawings represent the earliest and the longest record of direct observations of solar
activity (Mufioz-Jaramillo and Vaquero, 2019). The earliest drawings were taken by Harriot,
Galileo, Scheiner, Fabricius, and others four centuries ago (Arlt and Vaquero, 2020). Despite
its simplicity, this proxy of solar activity continues to be used till present. The strength
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of the sunspot number (SSN) time series is that today it represents essentially the same
measure as 10, 100, or even 500 years ago. This allows to create a uniform time series
representing the evolution of activity on our Sun during this time period independent of
ever-changing technology (e.g. instruments and detectors, Clette et al., 2014). However,
the sunspot number is a relative measure, depending on the characteristics of each observer
(instrument, location, visual acuity, counting method, etc.), and the long-term observations
from different sites are essential for detecting any non-solar trends.

Several professional observatories developed sunspot observation programs in the past.
The reference in this kind of programs was the Royal Greenwich Observatory carrying out
photographic sunspot observations from 1874 to 1976 (Willis et al., 2013a,b; Erwin et al.,
2013). The extensive sunspot observation programs were also performed by several other
observatories: (i) Mount Wilson began the daily sunspot drawings made at the 150-Foot So-
lar Tower on 4 January 1917 and continue till present (Pevtsov et al., 2019), (ii) Kodaikanal
series includes digitized and calibrated white-light sunspot data from 1921 to 2011 (Man-
dal et al., 2017), (iii) Kanzelhohe, (iv) Kislovodsk, (v) Specola, and (vi) Debrecen started
the sunspot records in 1943, 1948, 1957, and 1974, respectively (Pétzi et al., 2016; Mufioz-
Jaramillo et al., 2015; Cortesi et al., 2016; Baranyi, Gyori, and Ludmény, 2016), and (vi)
sunspot observations were made from the early 20th century at the Iberian observatories
in Valencia, Ebro, Madrid, and Coimbra (Carrasco et al., 2014; Curto et al., 2016; Leféevre
et al., 2016; Carrasco et al., 2018). These kinds of observations are preserved in archives
and libraries of scientific institutions. However, only a limited number of historical sunspot
catalogues are currently available in digital format. For that reason, this recovery task of
historical sunspot catalogues should be continued in order to fill temporal gaps existing in
the observations and to correct possible shortcomings in the sunspot data series (Casas and
Vaquero, 2014; Lefevre and Clette, 2014).

In this article, we present a newly digitized data set of sunspot numbers based on the
observations from the SPO. The observations were conducted over 57 years including early
years of the modern period of space exploration, by different observers and using different
telescopes. The sunspot drawings of the Sacramento Peak program were used in training the
early observers for the Solar Observing Optical Network (SOON), and it served as a basis
for developing a semi-automated algorithm for a sunspot number time series from the Im-
proved Solar Observing Optical Network (ISOON). Such a dataset may provide invaluable
information about how the properties of a composite SSN time series may change as the new
knowledge is acquired and the new technologies are introduced. In this article we describe
the history of SPO observations and present their comparative analysis with other datasets
from the same era.

2. Observations

The history of Sacrament Peak (Sac Peak) Observatory (SPO)—from its earliest establish-
ment as part of the Cambridge Research Laboratories of the Office of Aerospace Research,
United States Air Force, later transferred to the National Science Foundation (NSF) in 1976,
and a more recent (2017) partial transfer of operations from the National Solar Observatory
to the Sunspot Solar Observatory Consortium led by New Mexico State University—is full
of fascinating facts, which the reader can find in several early publications (Bushnell, 1962;
DeVorkin, 1983; Zirker, 1998; Ramsey, 2002; Liebowitz, 2002; CH2M HILL Inc., 2017).
Here we briefly describe only the part of history relevant to sunspot drawings.
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Figure 1 Aerial photograph of the National Solar Observatory at Sacramento Peak taken on 16 November
2002. The location of instruments that were used for the program of daily sunspot drawings are marked by
white numbers: (1) the Grain Bin Dome, (2) the Hill Top Dome, and (3) the Evans Solar Facility. A white
building with a protruding telescope tube to the left of the Hill Top Dome is the ISOON instrument, which
was later relocated to Kirtland Air Force Base in Albuquerque, New Mexico. Photo courtesy of Kit Richards.

The daily drawings of sunspots at the future site of the SPO started in August 1947 as
part of the site testing. The first observations were taken with a 5-inch refractor by Rudolph
(Rudy) Cook (RHC initials on sunspot drawings) by tracing the projected image of the Sun.
In December 1947, Cook was joined by Lee Davis (LD, the first drawing was taken on 13
December 1947), and about a year later, by Harry Ramsey (HER). The regular program
at SPO began in early 1949 using instruments placed outside, in open air, with protective
coverings. In 1950, the instruments were placed in a newly constructed Grain Bin Dome
(No. 1 in Figure 1)—a modified small commercial silo purchased from the Sears-Roebuck
catalog (Bushnell, 1962; Evans, 1967).

In early 1952, the observatory acquired a new 6-inch telescope (Bushnell, 1962), and
starting from 5 May 1952, the daily sunspot drawings were taken with that instrument. On 11
May 1966, the instrument was moved from its original location at the Grain Bin Dome to the
Hill Top Dome (No. 2 in Figure 1), where it remained till the end of the program of sunspot
drawings in May 2004. Between 1966 and 1970, the drawings were made by the US Air
Force (USAF) personnel trained for the Solar Observing Optical Network (SOON, Neidig
et al., 1998). From 1 May 1990 through December 1994, each year there were extended
periods when the coronal monitor telescope (CGS, 16-inch/40 cm aperture) at Evans Solar
Facility (ESF, a.k.a. Big Dome, No. 3 in Figure 1) was used for the daily drawings. This
was related to a shortage of the observing personnel during their vacation time. According
to Lou Gilliam “more than likely” these observations were taken using the coronagraph
with the occulting disk out and an auxiliary lens inserted. The solar disk size without the
auxiliary lens was 3.8 inches. With the auxiliary lens inserted, the image went to six inches.
The observers could also have used the coelostat at the ESF, but in this case, the largest disk
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image size would have been slightly under 4 inches. The advantage to the coelostat would be
less image rotation. There is more rotation on the coronograph, but the drawings can be done
fairly quickly using the auxiliary lens (Douglas Gilliam, 2020, private communication).

The decrease in funding and the change in priorities for the National Solar Observatory
at Sac Peak resulted in scaling down the program of daily sunspot drawings and several
other synoptic programs beginning 1993. In 2002, the decision was made to replace the
manual sunspot drawings and the sunspot number determination by a semi-automatic rou-
tine using the white-light observations from a newly constructed Improved Solar Observing
Optical Network (ISOON, Neidig et al., 1998; Balasubramaniam and Pevtsov, 2011) instru-
ment at SPO. During 2002-2004, the simultaneous observations from the two instruments
were used to establish a functional relation between the sunspot number derived using the
ISOON observations and the classical Sac Peak drawings. The last drawing was taken on 11
May 2004 by Timothy (Tim) Henry (TWH). Additional details of comparison between the
sunspot and group numbers derived using Sac Peak hand-drawings and ISOON observations
can be found in Balasubramaniam and Henry (2016). Based on 10 years of observations, a
good correlation (& 95%) is obtained between ISOON-derived sunspot number with the
International Sunspot Number (S v2, Balasubramaniam and Henry, 2016).

3. Sunspot Drawings

SPO used nine types of record cards to preserve sunspot observations (Figure 2). The early
drawings contained only markings corresponding to sunspots, pores, and some facular re-
gions, in addition to information such as date and time of the observation, observer’s ini-
tials, photometer reading and description of the atmospheric conditions. From August 1948
another format of drawings was used, and after 3 September 1948, the observers began in-
cluding information about the total number of groups (Ng), sunspots (Ny), and the sunspot
number (SSN) computed as SSN = 10 x Ng + Ns. No observer-specific scaling coefficient
as in the traditional formula for the international sunspot number was used. Another drawing
style was used in 1951, and it was again changed in January 1952, February 1952, March
1956, and January 1966. New information was provided in the drawings from March 1964,
when the observer indicated specific information about groups recorded such as an SPO
number assigned to each group, type of group according to Zurich classification and num-
ber of sunspots recorded in each group. Moreover, very few isolated drawings also include
information on group positions and areas (see e.g. Figure 2, drawing 8).

The drawings may contain different notes, which we broadly classified into two cate-
gories. The first type, which represents a scientific value to the solar physics community
may include location and size of solar features (e.g. sunspots, pores, and sometimes facular
regions), name of the observer, date and time of observations, total number of sunspots and
groups, together with the sunspot number computed by the observer, sky brightness, and
atmospheric seeing. Figure 3 represents an example of a drawing recorded on 2 September
1959. That drawing corresponds to the observations with the maximum daily number of
sunspots recorded at SPO, where 543 single sunspots and 20 groups were recorded. The sky
conditions (240) indicate an extremely low level in sky brightness and the seeing pointed out
by the observer was good or very good (3-5). Both enabled the observer to see the solar sur-
face in great detail. In addition, some drawings may have markings and notes corresponding
to other, non-solar phenomena which the observer may have noted during the observations
or even personal notes (e.g. about the weather or somebody’s birthday). These notes may
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Figure 2 Different types of sunspot drawings used at SPO. These records were made on: (1) 1 September
1947, (2) 19 August 1948, (3) 17 January 1951, (4) 9 January 1952, (5) 18 February 1952, (6) 30 March
1956, (7) 18 April 1962, (8) 19 March 1964, and (9) 2 January 1966. Numbers correspond to panels from the
top left to the bottom right. A better detail of the drawings can be appreciated by enlarging the figure.

have a value for historians and even general public interested in an early history of the SPO
and its surrounding areas, and thus are included in the database.

As one example, the drawing taken on 17 October 1947 shows a dashed line drawn across
the Sun accompanied by the following note: “Dotted line represents [the] path of [a] large
round hazy object. It took about 5 min to cross Sun. There were no visible clouds in sky and
no mice in scope. I tried to bring it to a sharper focus with projection eyepiece without much
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Figure 3 Sunspot drawing made at SPO on 2 September 1959.

luck. By the time I got the seeing eyepiece on it was gone—Do you have any idea what this
was? Time 1630 Z”.

Based on the description, we think it could be a high-altitude balloon passing across
the field of view of the telescope. The fuzziness of the object could be explained if the
balloon was flying at low altitude above the telescope when it was detected. It could also
be due to the semitransparent material of the balloon (polyethylene), which when viewed
against a bright background (solar disk) would appear as being out of focus. During 1947,
several stratospheric polyethylene balloons were launched from the nearby Alamogordo
Army Air Field (after January 1948—the Holloman Air Force base, AFB) in the frame-
work of the (then) top secret Project Mogul (carrying sensitive microphones for long-
distance detection of sound waves generated by Soviet atomic bomb tests). In June—July
1947, one of the Mogul Project balloons crashed near Roswell, New Mexico giving rise of
the well-publicized Roswell “UFO crash” conspiracy theory. However, the database of bal-
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loon launches by StratoCat (https://stratocat.com.ar/globos/1947e.htm) does not show any
launches on 17 October 1947. Based on the angular size of the object, and the time it took
to cross the solar disk, it is reasonable to assume that what the observer at SPO refers to
is likely a large weather balloon perhaps launched from the Holloman AFB. The weather
balloons are not included in StratoCat database.

Between 13 April 1961 and 22 August 1962, in addition to a regular SSN, most drawings
show an alternative, significantly larger sunspot number (R*). Although we are not able to
identify how R* was computed, we note that the timing of this additional sunspot number
coincides with the initial development of the so-called effective sunspot number (e.g. Chad-
wick, 1963) determined by fitting a model of the critical frequency (fy) of the ionospheric
F, layer to the observed fyF, values (for a later review of work on this index, see Secan and
Wilkinson, 1997).

In 2010, all sunspot drawings were digitized (scanned), and archived at NOAA database
at ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-imagery/photosphere/sunspot
-drawings/sac-peak/. During 2019-2020, the information from the scanned images of the
drawings was extracted and tabulated by the authors of this article.

4. SPO Sunspot Catalogue

The results of our digitization project were used to create a machine-readable version of
the information included in the daily sunspot drawings made at SPO. Due to difference in
hand-writing, changes in the location, and format of information recorded on the drawings,
we have digitized by hand some of it. The information provided in the machine-readable
version is divided in the following columns:

i) “Year”, “month”, and “day”: year, month, and day of the observation.

i1) “Time_start” and “Time_end”: initial and final hour of the observation.

iii) “Observer”: Initials of a person responsible of the observation.

iv) “Clouds”: photometer reading for sky brightness in millionth of solar disk brightness.
For a reference, the sky brightness > 500 does not permit observing the solar corona.
The column labeled as Clouds gives the frequency, thickness, and types of clouds,
where the acronyms mean the following: OC — occasional, FR — frequent, VF — very
frequent, Cu — cumulus, Ac —alto-cumulus, Ci — cirrus. The thickness is 1 to 5, where 5
is complete obscuration. Entries of Fair, Clear, Fog, Blowing Snow (BS), and so forth,
maybe found as well (e.g. see p. 69 in Carrigan and Oliver, 1967).

v) “Seeing”: from 1 (very bad seeing) to 10 (very good seeing). The criteria for “seeing”
were not well-defined, but rather taught as part of the initial training supplemented by
the later experience. Note that values from 8 to 10 were only used before 1960 and
values from 6 to 7 before 1970. From 1970, the scale used was from 1 to 5, although
the seeing was equal to “5—6” one day in 2002 and another in 2003.

vi) “Condition”: condition of the sky to observe (e.g. poor, bad, good, excellent).

vii) “G”, “S”, and “R”: Number of groups, single sunspots recorded, and sunspot number
computed, respectively.

viii) From “Group_1" to “Group_22": group codes are assigned which are composed of the
number assigned to each group, their typology according to the Zurich classification
and the number of single sunspots recorded in each group (e.g. “9999_D_12” means
group “9999” is composed of 12 single sunspots and its typology according to the
Zurich classification is “D”). “X” is indicated when no information is available.
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ix) “Notes”: this column includes comments made by the observers and explanation of
corrections applied to the information included in the drawings.

Some drawings may provide fewer parameters, and the list of parameters changes through-
out the lifetime of the observing program.

We have applied a quality control to the digitized data in order to identify mistakes in the
information included in the original drawings. Errors have been corrected in cases when, for
example, the number of single sunspots and groups provided in the counting box is not equal
to that recorded in the drawings, some values of the sunspot number index were miscalcu-
lated and wrong group codes were provided because of misprints or different groups have
the same group code. The corrections applied in the machine-readable version are explained
in the “Notes” column indicating as well what the original values were in the drawings.
However, some errors, mainly in the group code assigned to the groups, may still remain,
and thus, a deeper analysis of the dataset is needed. Explanations about some errors that
were identified but not corrected are also provided in the “Notes” column.

The number of observations made at SPO between 1 September 1947 and 11 May 2004 is
15480 in 15382 different observation days. This means a temporal coverage equal to 74.8 %
and an average of 273 observation days per year. We highlight that more than 300 obser-
vation days per year were recorded in 29 years during the period covered by the dataset.
There are 98 days with multiple drawings. Some of the multiple drawings were made on the
days, when initially no sunspot activity was observed. In some cases, the last drawing may
show a single pore, which would disappear by the next day. While the overall statistics of
such cases is not great, it may be relevant for understanding the properties of the sunspot
number index near cycle minimum. Figure 4 (top panel) shows the yearly temporal coverage
calculated according to SPO data. The observation period spans more than five solar cycles,
from the maximum of Solar Cycle 18 to the end of Solar Cycle 23. Furthermore, Figure 4
(bottom panel) shows a comparison between the yearly sunspot number index from SPO and
the reference yearly sunspot number index (Syv2) provided by the Sunspot Index and the
Long-term Solar Observations (http://sidc.oma.be/silso/). Note that the yearly values from
SPO were calculated from daily data. Maxima and minima of solar activity are located in
the same year in both series except for the maxima of Solar Cycles 19, 21, and 23 which
occurred one year later in the three cases according to SPO with respect to the reference
sunspot number. Typically, the SPO sunspot number is smaller than Syv2, except for the ris-
ing phase of Solar Cycle 20, when the two series match each other quite well. We note that
this period coincides with the training of USAF SOON personnel (see, Section 2) although
it could be just a coincidence. We have also calculated the ratio between yearly values from
the reference sunspot number and SPO (black dashed line in Figure 4, bottom panel). In the
first years, the ratio decreased from 2.2 until 1.0 in 1954. Then, it ranged between 0.9 and
1.4 from 1955 till 1990 when the ratio reached 1.5. Since 1990, the value ranged between
1.2 and 1.7. The trend in SSN and the SSN ratio observed during the first 4-5 years can be
due to several causes. One of them is the observers’ learning curve; as far as we know, the
same telescope was used until 1952 (Section 2), but the new observers were introduced to
the task of taking daily sunspot drawings. Other reasons that contribute to this trend can be
the successive changes of observers and of projection diameter of the drawings. We think
that this first part of the SPO series should be treated as multiple stations, different from the
“standard” station of SPO. Moreover, the standard deviation of the ratio is rather uniform
and there are not significant changes between maxima and minima of solar activity. This is
a striking fact because the ratio should be affected by larger deviations in the minima than
in the maxima, when values of sunspot number are much larger (Dudok de Wit, Lefevre,
and Clette, 2016). However, we note that the relative error of the ratio shows a solar cycle
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Figure 4 (top panel) Number of observation days recorded at SPO for the period 1947-2004. (bottom panel)
Comparison between yearly Syv2 (www.sidc.be/silso/) (red curve) and the yearly sunspot number index
computed from SPO drawings (blue curve). The black dashed line depicts the ratio between both series and
gray shadow represents its standard deviation.

dependency. The number of observation days steadily increases (Figure 4) till mid-1950s,
and then it stays at a high level till about mid-1990s, when the first cuts to the program were
made. A minimum in ratio of SPO and Syv2 maybe a combination of the learning curve and
the minimum in sunspot activity, when a small difference in the observed sunspot number
could result in a relatively large difference in ratio. By the beginning of 1955, the SPO SSN
had stabilized, and the observations were taken more regularly as is evident from the total
number of observation days (Figure 4). Between 1990-1994, due to the observers’ sched-
ule, there were extended periods of time when the sunspot drawings were made operating
the coronal monitor (Section 2). Despite the larger aperture telescope, the ratio of SPO SSN
and Syv2 does not show a systematic deviation from the mean ratio. Based on this cata-
logue, a future work could be to investigate how fluctuations in the ratio change according
to different observers. As the program of sunspot drawings was ramping down, the number
of observation days shows a sharp decline beginning 2001.

5. Future Work

The long time coverage (57 years), well-documented observing conditions and the observer
names make the Sac Peak sunspot drawing series a unique dataset for studying the effects
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of objective and subjective parameters on the determination of the sunspot number. The
datasets span the period of modern space exploration, which, at least in principle, allows for
making a connection between sunspot properties and modern measures pertinent to space
weather. In the first step of this work, we have presented valuable information recorded
in the SPO drawings such as the daily number of single sunspots and groups, values of
sunspot number index, conditions of the sky for the observation, and observers responsible
of each record. However, more information can be obtained from these drawings. As future
work, positions and areas of the groups recorded should be calculated. We note that this
information is included in several drawings made in 1964 and in one drawing made in 1965
and other in 1966. In this way, a more complete sunspot catalogue would be available. This
could facilitate other studies such as the longitudinal/latitudinal emergence of active regions
and the population of various group types as a function of activity level.

Some mistakes have been solved in this first version of the SPO sunspot catalogues as
explained previously. However, others remain to be tackled in next versions. For example,
there are no group codes for groups recorded between 1947 and 1964 and group codes
could be assigned for those groups to complete the catalogue. Furthermore, many groups,
especially from 1995, do not have group code and it should be completed according to group
codes assigned to other groups recorded in those dates. There are also several examples
where the number of groups was not recorded in a particular day though it was recorded
for the previous and subsequent days. This fact should be revised case by case. Thus, these
issues and others that may arise in the future will be analyzed in upcoming versions.

There are also important parameters recorded in the SPO drawings such as the atmo-
spheric seeing, condition of the sky, photometer readings for the sky brightness, and the
names of the observers responsible for each record. These parameters could be used, for
example, to investigate if there is any systematic trend with time in sunspot number index
from the same observer. Moreover, another issue to be analyzed could be how the seeing
and atmospheric conditions affect the sunspot number index.

6. Conclusions

SPO carried out a sunspot observation program from August 1947 to May 2004 span-
ning from the maximum of Solar Cycle 18 till the end of Solar Cycle 23. Drawings
were recorded in more than 15000 observation days during this period with a tempo-
ral coverage of around 75% regarding all the observation days. We created a machine-
readable version including the information of these drawings which can be accessed
via https://doi.org/10.25668/9x5p-6d86 and Historical Archive of Sunspot Observations
(http://haso.unex.es/). We note that several mistakes were detected and corrected. Expla-
nations about corrections applied to the catalogue are provided in the machine-readable
version.

A comparison between sunspot number computed from SPO observations and the Syv2
shows that both series have a similar behavior. Regarding maxima and minima of solar
cycles, we have only found differences for maxima of Solar Cycles 19, 21, and 23, when
they occurred one year later according to sunspot observations made at SPO. Moreover,
these drawings could be useful to study, for example, space weather events. Figure 5 shows
sunspot drawings recorded at SPO when some extreme space weather events occurred such
as those in 1967, 1989 (Quebec solar storm), and 2003 (Halloween solar storm).

The Sac Peak sunspot drawing series has several interesting aspects that deserve a de-
tailed study. While this time series is associated with the professional observatory, many
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Figure 5 Sunspot drawings recorded at SPO on 26 May 1967, 10 March 1989, and 28 October 2003 when
extreme space weather events occurred.

observers were not trained scientists. Due to its location (remote area of a sparsely popu-
lated state) and the time of the observatory creation (shortly after World War II), some of
the earlier observers even included local ranchers, who were hired by the observatory first
as the supporting staff (e.g. William (Bill) Davis, the owner of the Davis Ranch for those
familiar with the area). Some observers were graduate students and some were scientists
with formal university Ph.D. training. The program was also used for personnel training for
USAF SOON network. Recording the time periods and the names of different observers al-
low to investigate any subjective trends (e.g. learning curves), and their effect on a composite
sunspot number. Due to emphasis on coronal observations in the early days of the Sac Peak
observatory, the drawings contain important information about the sky brightness, which
could be used to investigate the effect of atmospheric scattered light on sunspot visibility.

As future work, we propose the determination of sunspot positions and areas. Moreover,
in order to complete the sunspot catalogue for SPO, groups codes should be assigned to
groups with no code and those problems detected and explained in previous sections must
be analyzed case by case. Future investigations on how atmospheric conditions and observa-
tions made by the same observer over time affect the sunspot number index will be carried
out using the SPO dataset. Thus, the recovering task of historical sunspot catalogues allows
us to study past space weather and climate, and it will help us make better forecasts of future
solar activity and space weather events.
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