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Abstract Whether the solar activity was very low, and especially whether the solar cycle existed, 
during the Maunder Minimum (1 645-1 715 AD), have been disputed for a long time. In this paper 
we use the Guliya NO, data, which can reflect the solar activity, to analyze the characteristics of 
the solar activity during the Maunder Minimum. The results show that the solar activity was indeed 
low, and solar cycle displayed normal as present, i.e. about I l a ,  in that period. Moreover, it was 
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found that the solar activity contains a 36-year periodic component probably, which might be 
related to the variations in the length of the sunspot cycle. This finding is of importance for the 
study of the relationship between the s u n  variability and the Earth climate change. 
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The impact of the sun on climate has been reflected not only by the climatological observation 
data and statistically analytical results of the records in ice core, tree ring, lacustrine deposits1'41, etc., 
but also by the recent numerical modelling Especially, that the simulation results of global 
climate model with consideration of influence of UV radiation on stratospheric chemistrylS1 were 
supported by meteorological observation data17' improves our knowledge about the mechanism of the 
impact of solar variability on the climate At present, the high-resolution climatic and 
environmental changes during the past 400 ka were reconstructed through ice core records on different 

, ut systematic observation for the solar activity just began in 18th century. time scales1'. " "I b 
Therefore, i t  is necessary to investigate the proxies of the solar activity for establishing the long-term 
changes of the sun and understanding the solar-terrestrial relationships. Besides the sunspots, the aurora, 
A"C in tree ring, " ' ~ e  in ice core, and geomagnetic index aa are good proxies of the solar activity. Most 
recently, it was found that NO< concentration recorded in the Guliya ice core might also provide 
information of the solar activity, and there was a positive relationship between because the 
major source of NO,- in this ice core came from the NO, in the high atmosphere which is related with 
the solar activity1'". 

Since Eddy named the period of 1645 through 1715 AD, when the sun was very weak, the 
Maunder ~inimuml"", many scientists have been studying this problem12'-261. The focuses of the 
argument for this problem are: ( i ) whether this Minimum existed; and (ii) how about the nature of 
the solar activity, i.e. whether the sunspot cycle of about I l a  existed during that period. For the former 
topic, many data supported the existence of the ~ in i rnum"~ ' ,  but recent discovery of the sunspot 
observation data during the 17th century from European documents"61 makes this Minimum 
questionable As to the solar cycle of about I la, it was discerned from many geological 
data12H -"I before the Maunder Minimum and confirmed by the historical observation of the sun after 
the Minimum. and there was little evidence just in time of this Minimum. However, the continuity of 
this cycle plays an important scientific role on the solar dynamo theory. It is difficult to figure out the 
periodicity of I la from the records of aurora and sunspots in early historical documents and the 
variations in A"C in tree ring. Because the historical documents only recorded one part of the natural 
phenomena"41, and there is about 10-50a time lag from the produce of I4c in the atmosphere by 
cosmic ray to the absorption by tree1""'", meanwhile the variations of 14c in the atmosphere can be 
influenced by the upwelling of deep sea wateri"'. Ice core record, therefore, was considered as a good 
way to solve the problem mentioned ab~ve"~ ' .  In the early 1990s, the low-resolution Antarctic ice core 
record could not provide the answer to the nature of the solar activity during the Maunder ~ in imum'~" .  
Now, the high-resolution records of ice cores from the Greenland and the middle latitudes make it 
possible. In the ensuing sections of this paper, we try to answer the two questions relevant to the 
Maunder Minimum based on NO< concentration in the Guliya ice core and polar '%e records. And in 
the latter section, the possibility of the existence of the periodicity of 36a in the solar activity will be 
discussed. 

1 Data series of N03- concentration in the Guliya ice core 

During the 1990 through 1992, a Chinese-American Scientific Expedition Team investigated the 
Guliya Ice Cap (3S017'N, 81°29'E), the West Kunlun Mts., for several times. Eight ice cores were 
retrieved from that Ice Cap, amon which the longest one, drilled at 6200 m a d . ,  was 308.6 m, and its ti. lime span was more than 700 kal' "I. Until now, lots of research results about this deep ice core have 
been publishedl 1.l3.1X. 19. 78 Jl I 

We depended mainly on the seasonal characteristics of dust and 6180 to date the upper part of this 
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308.6-m-long ice According to the 
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dating and the NO, concentration along - 
this ice core, annually variations of NO3 I W  
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good positive relationship between NO3 600 

concentration and the solar activitylIn. '"I. 5 o 
Here, the data of N O 3  concentration in the 8 
interval of 1545 through 1745 AD (see fig. 
1 )  were selected for studying the state of the 

,0° 

solar activity during the Maunder Minimum. 1540 0 1580 1620 1660 1700 1740 

2 Existence of the Maunder Minimum Year (AD) 

Fig. I shows that NO3- concentration. 
Fig. I .  Annually variations of NOJ- concentration in the Guliya ice 

in general, was low during the 17th century, ,,,, in ,he period of 1545 through 1745 AD. 
but its fluctuations were large, which - 
hinders us to exactly lell the period with low concentration. The better way to distinguish the low 
concentration period is to use the long-term trend curve of NO3- concentration. In fig. 2(a), the secular 
trend curve of NO3 concentration is the quintic polynomial fitting curve for the data series of the 
middle value of five points of N01- concentration. This fitting curve is consistent with the enveloping 
trend of the original NO< concentration. Therefore the long-term trend of the solar activity could be 
revealed on the basis of this curve. Used the mean NOq- concentration, 263.6 nglg, as a divide between 
the strong and the weak solar activity, it is clear that the sun was weak in the period of 1641 through 
17 10 AD (fig. 3). This period is just the right Maunder Minimum called by Eddy. 

The solar activity strongly influences the flux of cosmic ray into the Earth atmosphere, and then 
results in the changes in cosmogenic isotope production rate in the atmosphere. When the sun is strong, 
the intensified solar magnetic field increases its shielding effect on cosmic ray, this leads a decrease in 
flux of cosmic ray into the Earth atmosphere, and then cosmogenic isotope production rate slows down; 
and vice versa. Thus, the changes in concentrations of cosmogenic isotopes, such as '%e and I4c, 
recorded in deposits and tree ring, can tell us much information about the past sun. However, '%e, with 
the half-life as long as about 1 .5x10ha, is produced in the atmosphere by the interaction of high-energy 
cosmic ray primaries and secondaries with nitrogen and oxygen, and only stays in the atmosphere for 
about 1- 2 a because it usually adheres to aerosols and precipitates to the surface of the earth by means 
of wet and dry depositions; and I4c, with the half-life about 5.73 ka, is produced in the atmosphere by 
the interaction of neutrons formed by cosmic ray in air with nitrogen, and usually keeps in the air and 
ocean for about several decades before it is absorbed by trees. Considered its geochemical behavior, 
10 Be recorded in deposits can extend our knowledge about the solar activity back very far, and also can 
provide much information about the periodicities of the solar activity. These have been verified by '%e 
in the polar ice'" "'I. Fig. 2(b) illustrates the variations of '%e concentration in the Greenland ice1451, 
and its long-term trends in different ice cores are similar to that of NO3- concentration in the Guliya ice 
core. The high ' " ~ e  concentration in the late 17th century is attributed to the weak sun, this also 
indicates that the Maunder Minimum was true. In the light of the time lag of A ' ~ C  in tree ring to I4c 
produced in air, high value of A"C in tree ring (see fig. 2(c)) in the late 17th century and the early 18th 
century is the further proof of the existence of the Maunder ~inimurn '~".  

The charged particles from the sun are accelerated when they move along the lines of the 
geomagnetic force. and then enter into the atmosphere and collide with air molecules, and make them 
ionized or excited. When the excited molecules go back to their ground state, lights with special 
wavelengths are emitted by radiation. The lights of these kinds have colour, and form aurora. Because 
the flux of the charged particles from the sun is related with the solar activity, the frequency of auroral 
occurrence is usually regarded as a proxy of the solar activity. The auroral data from the are 
plotted in fig. 2(d), which also indicates the existence of the Maunder Minimum. As to the auroral data 
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Fig. 2. Comparison of the variations of the proxies of the solar activity. (a) NO,- concentration in the 
Guliya ice core; (b) " ' ~ e  concentration in polar ice'45'; (c) A ' ~ C  in tree ring1'"; (d) auroral data from the 
world'"' and the Middle ~ u r o ~ e l * '  (-X-, global; -, Europe); (e) sunspot (......) and auroral 
(-) data from ~ h i n a ' ~ ' . " ' .  
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from the central ~ u r o ~ e ' ~ ~ ' ,  their enveloping trend 400 

is similar to the curve of the worldwide auroral .$ 
data (see fig. 2(d)). It is emphasized that the f yW 300 
aurora can be observed in the middle latitudes & 
when the sun is strong. Fig. 2(e) shows the 8 * 200 
numbers of aurorae and sunspots observed in 2 chinal2I. 471 . We put the data of these two kinds 

- 

f 
1 

together to avoid the influence of their insufficient '%60 16b0 IAO 1680 i h 0  1760 
Year (AD) 

records. This presents that the numbers of aurorae 
and sunspots were relatively small in the late 17th Fig, 3, The Maunder (marked by M) revealed 
century, which provides another evidence for the by the trend curve of NO< concentration in the Guliya ice 
existence of the Maunder Minimum. core. The S represents the Sporer Minimum. 



3 The solar cycle during the Maunder Minimum 
In order to avoid the influence of extreme values of NOJ- concentration in some special years on 

identifying the periodicities in its variations, the data set of 3-point running average value of NO3- 
concentration was used here for spectral analyses. Fig. 4(a) shows the spectral analytical result of the 
NO3- concentration data from 1545 to 1745 AD, there are three major cycles with the significance of 
0.05, i.e. 33.3 a, 22.2 a and 10.5 a, and the latter two of which are similar to the Hale and sunspot cycles 
respectively; however, fig. 4(b) is for the NO3- data during the Maunder Minimum, there are also three 
remarkable cycles with the significance of 0.05, i.e. 11.7 a, 35 a and 17.5 a, the first significant cycle of 
which is identical with the sunspot cycle. All these indicate that the sunspot cycle existed during the 
Maunder Minimum. 

Frequencylcycles. a-' Fnquencylcycles~ 6' 

Fig. 4. The spectral analytical results of NO,- concentration in Guliya ice core. (a) The results for the data series 
from 1545 to 1745 AD: (b) for the data series from 1645 to 17 15 AD. 

Recently, the high-resolution record of "'Be in polar ice displayed a notable cycle of about 11 a 
during the Maunder ~ i n i m u m ' ~ " ;  analytical results of auroral data also expressed that the sunspot cycle 
was normal in that ~ i n i r n u m l ~ ~ , ~ ~ ' .  In the early European publications, observation of the sunspot in the 
late 17th century was documented, and it was found that solar aks appeared evident in 1661, 167 1 
and 1684AD and produced cycle lengths of 10 a and 13 a'9.49*3Those provide further proofs for the 
existence of the sunspot cycle of about 11 a during the Minimum. 
4 Discussion 

From fig. 4, it can be seen clearly that the length of the solar cycle was longer during the Maunder 
Minimum, 11.7a, than in the period of 1545 to 1745 AD, about 10.5 a. Why this phenomenon occurred? 
Friis-Christensen and Lassen supposed that the length of the solar cycle is an indicator of the solar 
activity, and high solar activit implies short solar cycles whereas long solar cycles are characteristic of 
low activity levels of the su4" .  In recent years, stellar activity cycles with periods ranging in length 
from about 7 to 20 a, similar to the changes in the length of the suns ot cycle, have been detected in P most solar-like stars (those stars similar to the sun in mass and age)19. A most important finding was 
that there is an inverse relation between the stellar activity cycle length and average activity 
which not only provides a physical basis for the above-mentioned hypothesis advanced by 
Friis-Christensen and Lassen, but also demonstrates the longer length of the solar cycle during the 
Maunder Minimum expresses that the solar activity was low then. 

The above spectral analytical results, together with the results gained before"', I9l, indicate that 
besides the cycle of about 1 la, another cycle of about 33a are relatively stable in the variations of NOs- 
concentration in Guliya ice core, which implies that the solar activity maybe have a cycle of more than 
30a when admitted NO3- concentration can reflect the information of the sun variability. Here again we 
investigate the variations of the proxies of the solar activity. Owing to the fact that the length of the 
sunspot cycle can represent the solar activity, its variations in recent 2000 years were reconstructed 
based on the estimation for the maximum and minimum years of the sunspot by ~ c h o v e ' ~ ~ ~ .  Fig. 5 plots 
the variations of the length of the sunspot cycle from 1540 to 1745 AD. It exhibits an obviously 
rhythmical change, with a cycle of average about 36 a (ranging from 28 to 42 a). Moreover, spectral 
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analyses of the data of the length of the sunspot 
cycle in different intervals in recent 2000 years also 18 

show that the cycle of about 36 a was relatively 3 
0, IS stable. The geomagnetic activity is forced by the 

solar wind, thus its index can be regarded as a proxy 3 
g 12 

of solar activity. The aa index, given by Mayaud % 
according to the roughly antipodal observations in 

9 Greenwich and Melbourne, and eliminating the 8 - 
diurnal and seasonal variations of the geomagnetic - 

activity, is a useful tool for describing the global 
J 

1540 1580 1620 1660 1700 1740 

geomagnetic activity'541. A significant positive Year (AD) 
relation was found between the aa index and the lzig. 5. Variations of the length of the sunspot cycle from 
sunspot Spectral analysis of the 1540 to 1745 AD. 
variations of the aa index since 1868 AD shows 
that, besides the significant cycle of 11.1 a, another cycle of 28.6 a is also and places in 
the scope of the cycles of the changes in the length of the sunspot cycle, ranging from 28 a to 42 a. A 
study pointed out that the variations in frequency of the auroral occurrence during the period of 1500 to 
1948 AD exhibited a significant cycle of about 33.3 From those facts, we realize that the solar 
activity has the cycle of about 36 a possibly. 

5 Conclusion 

Through the above comprehensive analyses, we can conclude that during the Maunder Minimum, 
the sun was weak, but it was active with the sunspot cycle. 

A 36 a cycle has been figured out from floods of hydrological, meteorological and glacier 
fluctuation data, and called Bruckner cycle. For a long time past, the cause of this ubiquitous cycle has 
not been found, although a study pointed out that the ocean-atmosphere interaction was responsible for 
this cycle exhibited in precipitation records in East From the above analyses for the proxies of 
the solar activity, we found that the solar activity maybe contains the cycle with periods ranging from 
28 a to 42 a, averaging 36 a, which is related to the changes in length of the sunspot cycle. This finding is 
of importance for the study of the relationship between the sun variability and the Earth climate change. 
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