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We study the mutual relation of sunspot numbers and several proxies of solar UV/EUV radiation, such

as the F10.7 radio flux, the HeI 1083 nm equivalent width and the solar MgII core-to-wing ratio. It has

been noted earlier that the relation between these solar activity parameters changed in 2001/2002,

during a large enhancement of solar activity in the early declining phase of solar cycle 23. This

enhancement (the secondary peak after the Gnevyshev gap) forms the maximum of solar UV/EUV

parameters during solar cycle 23. We note that the changed mutual relation between sunspot numbers

and UV/EUV proxies continues systematically during the whole declining phase of solar cycle 23, with

the UV/EUV proxies attaining relatively larger values for the same sunspot number than during the

several decennia prior to this time. We have also verified this evolution using the indirect solar UV/EUV

proxy given by a globally averaged f0(F2) frequency of the ionospheric F2 layer. We also note of a

simultaneous, systematic change in the relation between the sunspot numbers and the total solar

irradiance, which follow an exceptionally steep relation leading to a new minimum. Our results suggest

that the reduction of sunspot magnetic fields (probably photospheric fields in general), started quite

abruptly in 2001/2002. While these changes do not similarly affect the chromospheric UV/EUV

emissions, the TSI suffers an even more dramatic reduction, which cannot be understood in terms of the

photospheric field reduction only. However, the changes in TSI are seen to be simultaneous to those in

sunspots, so most likely being due to the same ultimate cause.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Modern observations of the Sun cover a large range of methods
and produce a versatile set of parameters measuring different
aspects of solar activity. Over longer time scales, solar activity has
usually been studied by sunspots and the related sunspot
numbers (SSN) that are available since four centuries. Sunspots
are known to vary according to the roughly 11-year cycle
(Schwabe, 1844) and most solar parameters also follow this cycle.
Accordingly, in years when more sunspots are seen, i.e., when the
Sun is more active, it emits more radiation in most spectral
ranges. For example, the solar radio flux at 2800 MHz (10.7 cm
wavelength, thus known as F10.7 index; Tapping, 1987) is closely
correlated with SSN. The daily values of F10.7 have been
measured by ground observatories since 1947. Similarly, the
direct monitoring of total solar irradiance (TSI) made by
continuous satellite experiments since 1978 have shown that
ll rights reserved.

: +358 8 5531287.

la).
total irradiance emitted by the Sun varies with the sunspot cycle.
However, the two leading TSI composites, the PMOD (Fröhlich and
Lean, 1998; Fröhlich, 2006), and the ACRIM (Willson, 1997;
Scafetta and Willson, 2009) composites, differ in their detailed
evolution since 1990 (see Section 4).

Overall, the various solar activity parameters correlate quite
well with sunspot numbers and with each other, especially at long
sampling times and over long time scales. Moreover, the mutual
relations are also found to stay fairly stable in time. However, it
was found some time ago (Floyd et al., 2005) that the mutual
relation between sunspot numbers and three solar UV/EUV
indices, the F10.7 flux, the MgII core-to-wing ratio (Viereck
et al., 2001, 2004), which is an index of chromospheric UV
irradiance near 280 nm (Heath and Schlesinger, 1986), and the
HeI 1083 equivalent width (Donnelly et al., 1985), remained
stable for roughly 25 years until the year 2000, but dramatically
changed thereafter at the end of 2001. This change coincided with
a large enhancement of solar activity in SC 23, which took place
after the actual sunspot maximum of SC 23 and the subsequent
intermediate relative quietness called the Gnevyshev gap
(Gnevyshev, 1963, 1977; Storini et al., 2003). Floyd et al. (2005)
noted that while the magnitude of the first maximum was larger
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according to sunspot numbers, the second maximum was
significantly higher according to all three independent UV/EUV
proxies, leading to the uniquely large discrepancy between
sunspot numbers and solar UV/EUV proxies at this time.

The present paper studies the above mentioned discrepancy in
the different solar proxies which appeared in 2001. We examine
the sunspot numbers and the same three proxies of solar UV/EUV
radiation (F10.7, HeI 1083 and MgII) as Floyd et al. (2005).
(However, the MgII index studied here is not the same, original
NOAA index, but rather a composite based on SORCE observations
which aims to correct the problems of the NOAA index.) We find
that the change in the mutual relation between sunspot numbers
and all UV/EUV irradiance proxies is valid persistently during the
whole declining phase of solar cycle 23. We also study the
ionospheric response to UV/EUV radiation by using the F2 layer
critical frequency f0(F2) from different stations. We find that the
ionosphere depicts the same change in its relation to sunspot
numbers since 2001 as the more direct, solar-based UV/EUV
proxies. Moreover, we show the relation between f0(F2) and the
solar-based UV/EUV proxies has remained the same. This gives
strong support for the fact that, after the end of 2001, the UV/EUV
irradiance has been higher than ever earlier for the same level of
sunspot activity. We also note that similarly, the relation between
sunspots and the total solar irradiance is changed since 2001. This
change takes place in both leading TSI composites.
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Fig. 1. The monthly averages and their 13-month running means for (a) sunspot

numbers, (b) F10.7 radio flux, (c) He I 1083 equivalent width and (d) MgII core-to-

wing ratio.
2. Relation between sunspot numbers and solar UV/EUV
proxies

We depict in Fig. 1 the time series of sunspot numbers and the
three solar UV/EUV proxies during the common measurement
time of the UV/EUV proxies. As seen in Fig. 1, sunspots have their
SC 23 maximum in 2000. However, the three UV/EUV proxies
have a higher maximum (both in monthly values and in their
13-month running means) some 1.5 years later around the turn of
2001/2002. This fact was noted earlier (e.g., Kane, 2003; Floyd
et al., 2005) but the reason is still unknown. Sunspots also show
this peak but lower than the actual sunspot maximum in 2000.
The dropout between these two maxima is the Gnevyshev gap of
SC 23. A similar structure with two peaks and an intermediate
dropout are seen in solar cycles 21 and 22 as well. The two peaks
around the Gnevyshev gap are separated by roughly 1.5–2 years
in all cases.

The two peaks in the smoothed sunspot curve (the sunspot
maximum peak and the secondary peak thereafter) are more
equal during SC 23 than other cycles, making this pattern
particularly visible in this cycle. On the other hand, according to
the solar UV/EUV proxies, the two peaks have more similar
heights in SC 21 and 22 than in SC 23. Note also that while SC 23 is
overall smaller than the two other cycles, the activity of the 2001/
2002 peak reaches the level of the prior cycles in F10.7 flux, and
even goes above them in HeI and MgII curves.

In order to examine the mutual relation between sunspot
numbers and solar UV/EUV proxies and its temporal evolution, we
have plotted in Fig. 2 the annual averages of the three proxies as a
function of the simultaneous sunspot numbers. We have
connected the successive years by a line depicting the time
evolution. The top panel of Fig. 2 shows that, while sunspot
numbers and the F10.7 flux follow a quite similar relation for the
early part (1975–2000) of the depicted time interval, the relation
is broken in 2001/2002. After this time, during the declining phase
of SC 23, the F10.7 flux is systematically higher than the prior
relation with sunspot numbers would suggest. The relative
increase in the F10.7 flux in the early declining phase (in 2002–
2004) is about 10–15% relative to the average, prior level. The
difference is then reduced to about 5–10% in the later declining
phase but remains until the last data point in 2008 where the
annual sunspot numbers are lowest in the whole time interval
included.

The same change in the early declining phase of SC 23 is also
seen in the mutual relation between sunspot numbers and HeI
1083 equivalent width (middle panel of Fig. 2). The relative
increase in 2002 is about 20%, i.e., even slightly larger than in
F10.7. Unfortunately, to our information, this index was not
continued after September 2003. Fig. 2 (bottom panel) shows that
from 2001 onwards the annual means of the MgII index also
depict significantly larger values than the prior relation with
sunspot numbers would suggest. The relative increase to the
earlier values is only about 1%, i.e., smaller than in the case of
F10.7 flux, but the absolute increase of about 0.002 is roughly
constant through the whole declining phase and forms a
significant fraction (about 10–15%) of the total solar cycle
variation (from 0.264 to 0.280) of this parameter. We note that
the original NOAA MgII index depicts an even larger increase after
2001. However, this index suffers from calibration problems
during the declining phase of SC 23. Therefore, we use here the
LASP composite, which uses SORCE observations for this period.
3. Relation between sunspot numbers and ionospheric f0(F2)

Because, as discussed above, some of the solar UV/EUV proxies
that depict the unexpected evolution during the last few years are



40

60

80

50

a

b

c

100

150

200

0

0.27

0.28

LA
S

P
 M

gI
I

2002

H
e 

10
83

F1
0.

7

2002

2002

SSN
50 100 150

Fig. 2. Annual averages of (a) F10.7 radio flux in 1974–2008, (b) HeI 1083

equivalent width in 1974–2003 and (c) MgII core-to-wing ratio in 1978–2007, as a

function of the simultaneous, annually averaged sunspot numbers. Line connects

successive years. Years since 2002 are indicated by circles (red in color figures in

web; grey in b&w figures in print).

Table 1
List of mid-latitude ionospheric stations.

Station name Station code Geographic Lat., Long

Boulder BC840 40.11, �105.81

Juliusruh/Rugen JR055 56.51, 12.11

Grahamstown GR13L �33.31, 26.51

Hobart HO54K �42.91, 147.51

Novosibirsk NS355 55.11, 88.91

Point Arguello PA836 37.51, �1241

Tashkent TQ241 41.31, 69.61

Wallops WP937 40.31, 76.21
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Fig. 3. Monthly means of f0(F2) values from the 8 stations listed in Table 1 (grey

curves) and the 13-month running mean curve of the global f0(F2) average (in bold

black line).
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at least partly in question, it is important to verify the same time
evolution using a parameter that is completely independent of
direct solar observations. Such parameters are offered by the
Earth’s ionosphere whose condition is regularly monitored by
numerous observatories around the world. We use here the
critical frequency of the ionospheric F2 layer called f0(F2), which
is a measure of the maximum electron density in the ionospheric
F2 layer. Accordingly, the value of the f0(F2) frequency is strongly
correlated with the UV/EUV flux that produces ionization in the
ionosphere and, thereby, with the UV/EUV proxies like F10.7, HeI
and MgII indices. In this section, we examine if the ionospheric
measurements can verify the curious change in the relationship
between sunspots and the solar UV/EUV proxies after 2001/2002.

We have collected hourly f0(F2) values from several mid-
latitude observatories included in the NOAA SPIDR database
(http://spidr.ngdc.noaa.gov/spidr/). We aimed for global coverage
in longitude but did not include stations at high latitudes because
auroral precipitation affects the ionosphere there, distorting the
relationship between f0(F2) and solar UV/EUV irradiance. We use
here 8 stations (see Table 1) which have a good coverage of
observations in the study period of 1975–2008. We use daily
averaged f0(F2) values in order to minimize the influence of
various dynamical effects in the ionosphere and because the
daytime maxima are often differently shifted from the noon at
different stations and different seasons. We first calculated
monthly averages from the daily averaged f0(F2) values of each
station. Then, in order to obtain a global measure of the f0(F2)
frequency, the monthly averages of all stations were normalized
to Boulder using linear regression for all available data, and the
normalized f0(F2) values from the eight stations were averaged to
a global f0(F2) mean. Finally, a 13-month running mean of the
monthly global f0(F2) values was calculated in order to reduce the
seasonal variation due, e.g., to an unequal number of stations from
the two hemispheres.

Fig. 3 shows the monthly averaged curves of the eight stations
and the 13-month running mean of the global f0(F2) average. All
stations verify the variation of the f0(F2) values with solar cycle
whose (normalized) amplitude is about 2–3 MHz around a typical
average of about 6 MHz. Accordingly, the relative solar cycle
variation in f0(F2), about 30–50%, is considerably larger than in the
MgII index and clearly smaller than in F10.7 but fairly close to the
cycle variation in the HeI index. Note that a small amplitude of
solar cycle variation (a small dynamical range) of a solar parameter
like MgII makes it more vulnerable for random and systematic
errors. This caveat is further emphasized when studying the
consistency of the parameter over long time intervals. However,
the ionospheric f0(F2) frequency is safe for these arguments.

Note that cycle 23 is lower in the f0(F2) average than the other
two cycles and depicts a clear two-peak structure, with the
second peak in 2002 being considerably higher than the first peak

http://spidr.ngdc.noaa.gov/spidr/
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in 2000. These features are in good agreement with the solar
based UV/EUV proxies. The detailed structure of cycle 22 is not
very clear in f0(F2) because of the unfortunate data gap in 1990
(only Boulder included data in this year), in the middle of the
Gnevyshev gap of SC 22. However, the data show that the global
f0(F2) values in 1991 are lower than at the first maximum co-
located with the sunspot maximum in 1989. Also, most interest-
ingly, the global f0(F2) level is clearly higher during the declining
phase of SC 23 than during the corresponding times of the two
previous cycles. This development is in agreement with F10.7,
HeI 1083 and MgII indices and is responsible for the exceptional
relation between sunspots and the various UV/EUV proxies at this
time, as discussed above.

We have studied the temporal development of the f0(F2)
frequency and its relationship with sunspot numbers in more
detail in Fig. 4, which depicts the annually averaged global f0(F2)
values in terms of the simultaneous sunspot numbers (cf. Fig. 2
for solar-based UV/EUV proxies). Fig. 4 shows that the values of
the global f0(F2) average are higher in the declining phase of SC 23
than in the two previous cycles included in the study period
1975–2008. The relative increase in global f0(F2) with respect to
the average level, nearly 10%, is largest in 2002. In the subsequent
years this increase is considerably reduced but is quite large,
about 5–7%, also in 2004. The temporal variation of f0(F2) during
SC 23 follows quite closely to that of F10.7 index, but the relative
increase remains somewhat lower than in F10.7, which is
understandable since f0(F2) is clearly a less direct proxy of solar
UV/EUV radiation than the solar-based proxies, depending on
other factors like motion of the neutral air, station’s latitude, etc.
Most importantly, Fig. 4 gives strong, independent support for the
conclusion based on solar-based UV/EUV parameters that the
relation between sunspot numbers and solar UV/EUV irradiance
experiences a significant change in 2001/2002, during and after
which the Sun produces more UV/EUV radiation for the same
sunspot level than before this time period.

We have studied in Fig. 5 the mutual relation between the
global f0(F2) (ground-based UV/EUV proxy) and F10.7 (solar-
based UV/EUV proxy). Fig. 5 shows that f0(F2) and F10.7 have a
very consistent relation throughout the whole time interval
studied, including the declining phase of SC 23. This proves that
both of these UV/EUV parameters measure quite closely the same
irradiance at all times. (Note that the relation between the two
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Fig. 4. Annual averages of the global f0(F2) average in 1975–2008, as a function of

the simultaneous, annually averaged sunspot numbers. Line connects successive

years. Years since 2002 are indicated by circles (red in color figures in web; grey in

b&w figures in print).
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Fig. 6. Annual averages of three different estimates of the total solar irradiance

(a) ACRIM and (b) PMOD in 1979–2008 as a function of the simultaneous, annually

averaged sunspot numbers. Line connects successive years. Years since 2002 are

indicated by circles (red in color figures in web; grey in b&w figures in print).
quantities experiences some saturation for large values of F10.7
because of ionospheric properties.)
4. Total solar irradiance

We would like to conclude by noting that the observed change
in the relation between sunspot numbers and solar UV/EUV
radiation in 2001/2002 is not limited to UV/EUV radiation only
but affects the total solar irradiance as well. Fig. 6 depicts the
annual averages of two composites (ACRIM and PMOD) of the
total solar irradiance in terms of the simultaneous sunspot
numbers. Note first that, if we exclude the points of the recent
declining phase, the linear correlation between PMOD and SSN in
Fig. 6b is very high. On the other hand, the points of the recent
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years after 2002 fall into a line, which has a very different slope.
Also, as seen in Fig. 6b, after 2004 the relation between SSN and
PMOD diverges below the range of the normal linear fit, implying
exceptionally small TSI values for given SSN thereafter. After
this time, the difference between SSN and PMOD increases
progressively with time, resulting in a record low ‘‘floor’’ in the
current solar minimum. It is remarkable how closely the points in
2002–2008 follow the new regression line and how largely the slope
of this line deviates from the best fit line of the prior solar history.

The relation between ACRIM TSI values and sunspot numbers
(Fig. 6b) is more complicated than PMOD because their relation
has a clear hysteresis pattern: the points in the declining phase of
SC 21 and ascending phase of SC 22 follow a common, roughly
linear relation which greatly deviates from the relation thereafter.
This is due to the data gap between the ACRIM-I and ACRIM-II
measurements around 1990, which raises the uncorrected ACRIM
composite by roughly 0.3 W m�2 higher than the PMOD compo-
site after this gap. This difference leads to two different data
domains and the hysteresis of the ACRIM composite (Fröhlich,
2006; Scafetta and Willson, 2009; Krivova et al. 2009). Never-
theless, the new linear relationship between the ACRIM series and
sunspots is violated in 2001. Instead of following the new
regression line established after 1990, the ACRIM TSI values
during the declining phase of SC 23 follow a new, considerably
steeper regression line which crosses the intermediate region
between the two prior regression lines. As in PMOD series, the
points in 2002–2008 follow the new regression line remarkably
well, and the slope of this line deviates largely from the best fit
lines of prior ACRIM history. These developments suggest that the
relation between the solar TSI and sunspot numbers is indeed
greatly changed in the declining phase of SC 23.

The low TSI during the recent minimum, shown in Fig. 6b as a
strong decrease of the PMOD composite since 2002 to a record low
level, is in contrast with F10.7 and MgII index and may be explained
by a global temperature decrease of the Sun, as suggested by
Tapping et al. (2007) and studied by Fröhlich (2009). So, this may
also indicate that the whole solar spectrum suffers an abrupt
change in 2001/2002. This study is under progress.
5. Discussion and conclusions

We have studied here the mutual relation between sunspot
numbers and different solar UV/EUV proxies in 1975–2008,
including the period when direct measurements by satellites are
available. Parameters measured from space include the MgII
core-to-wing ratio, the HeI equivalent width and the two TSI
composites while ground-based measurements provide the F10.7
radio flux and the ionospheric F2 layer critical frequency f0(F2).

The time evolution of the statistical relationship between
sunspot numbers and each of the above mentioned UV/EUV and
TSI parameters shows two clearly different branches, the long-
term, ‘‘normal’’ evolution until the year 2000, and the recent,
‘‘abnormal’’ evolution since 2001/2002. The change between the
two different branches coincides with a large enhancement in
solar activity, which was started during the last months of 2001
and lasted until the first months of 2002. This enhancement is
seen as a secondary peak in sunspot numbers after the sunspot
maximum in 2000 and a period of slightly reduced sunspot
activity called the Gnevyshev gap. However, the enhancement in
2001/2002 was the highest peak in all UV/EUV proxies, marking
the largest discrepancy with sunspot numbers during the
measured period and continuing as an ‘‘abnormal’’ relation with
sunspot numbers during the whole declining phase of SC 23.

We have found that the relative increase in the F10.7 radio flux
in the early declining phase (in 2002–2004) is about 10–15%
relative to the average ‘‘normal’’ level of sunspot activity, then
decreasing to about 5–10% in the later declining phase. We have
shown that the indirect measure of solar UV/EUV radiation, the
ionospheric f0(F2) frequency, also shows a change in its relation
with sunspot activity after the enhancement in 2001/2002.
The relative increase in the global f0(F2) frequency with respect
to the average prior level is nearly 10% in 2002, and remains
above the normal level during the whole declining phase of SC 23.
The temporal variation of f0(F2) follows very closely to that of
F10.7 index over the whole time interval studied. Accordingly,
these two parameters observe the same changes in 2001/2002 in
the relation between sunspots and solar UV/EUV radiation.

The same change in the early declining phase of SC 23 is also
seen in two other satellite based indices of solar UV/EUV
radiation, the HeI 1083 equivalent width and the MgII index.
The relative increase in HeI in 2002 is largest of all studied
UV/EUV parameters, about 20% (Floyd et al., 2005). Unfortunately,
this proxy was not continued after 2003. In the MgII index the
relative increase is, due to the nature of this parameter, smaller,
only about 1% but this change is about 10–15% of average solar
cycle variation of MgII.

We have also shown that the relation between sunspot
numbers and the two composites of total solar irradiance, the
PMOD series and the ACRIM series diverge from the normal
evolution in 2001/2002. The annual averages of both TSI
composites follow thereafter a new, steeper regression line than
earlier, deviating from the earlier evolution. After 2004 the
difference between sunspot numbers and PMOD increases
progressively with time, resulting in a record low ‘‘floor’’ in the
current solar minimum. The same evolution is seen in the ACRIM
series, although ACRIM includes lower values from earlier years
before the data gap. We note that it is remarkable how clearly
the points in 2002–2008 in both PMOD and ACRIM series
deviate from their earlier evolution and follow new, steeper
regression lines. This further verifies the essential changes
that have taken place in the solar magnetic field and solar
irradiance in 2001/2002, continuing throughout the later declin-
ing phase of SC 23.

According to recent studies (Penn and Livingston, 2006;
Livingston and Penn, 2009), the maximum temperatures of
sunspot umbrae have become hotter and their maximum
magnetic fields have reduced during the solar cycle 23. This
would lead to a smaller background contrast and weakened
visibility of sunspots. Assuming other factors unchanged, this
would lead to having more UV/EUV activity for smaller sunspot
numbers, exactly as observed after 2001/2002. Accordingly, our
results indirectly support the above result of umbrae getting
hotter and less magnetic during SC 23. However, while the
UV/EUV proxies return roughly to the same minimum value in
2008, the TSI PMOD composite depicts uniquely low values. The
smaller TSI values for a given sunspot number after 2001/2002
(Fig. 6) indicate that the faculae must, in order to balance the
slightly increased TSI due to higher umbral temperatures, be
severely reduced by the same processes that cause umbral field
weakening. Accordingly, the exceptionally low level of TSI cannot
be explained if the number of faculae is reduced by the same ratio
as the field intensity of sunspots producing them. However, the
mechanisms that cause the change in sunspots in 2001/2002 are
simultaneous to the reduction of TSI, therefore indicating the
same cause.

Summarizing, our results show that the earlier reported
reduction in sunspot magnetic field intensity started quite
abruptly in 2001/2002 and continued throughout the declining
phase of solar cycle 23. This is verified by the modified mutual
relation between sunspots and both satellite-based and ground-
based UV/EUV proxies. Our results suggest that, whatever is the
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cause of the observed reduction in sunspot fields (or, more
generally, photospheric fields), it does not similarly affect the
chromosphere. On the other hand, TSI suffers an even more
dramatic reduction, which cannot be understood in terms of the
photospheric field reduction only. However, the changes in TSI are
seen to be simultaneous to those in sunspots, most likely being
due to the same ultimate cause. These differences, as well as the
reasons to the observed changes will be examined in subsequent
studies in more detail.
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