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Abstract – In December 2019, the Space Weather Prediction Center (SWPC) started using the GOES1-16
satellite as its primary input for solar X-ray flux monitoring. As such, it stopped applying a scaling factor
that had been applied since the GOES-8 came into operation. This has an important impact on the number
of flares that can be expected and on the flare rates associated with the McIntosh classifications, which are
often used to help forecast flare activity. To quantify the effects, the flare intensities for the period covering
1976–2019 have all been recalculated. An increase of respectively 55% and 52% in the total number of
M-class and X-class events has been observed. Also, for the same period, McIntosh classifications have
been redone by visually evaluating 4720 Kanzelhöhe solar drawings (about 1 drawing every 3 days)
and determining the McIntosh type of 22232 sunspot regions. There is an excellent agreement with the
values originally reported by McIntosh (1990), but some deviations from the SWPC data are found. For
a majority of the McIntosh classes, an increase in the flare rates is observed, which translates into increased
flare probabilities assuming a Poisson distribution for the flare occurrence. This is an important given for
space weather forecasters when making solar flare forecasts. The McIntosh classification is successful in
distinguishing flare active from flare inactive regions: Considering only the “p” and “c” components of
the McIntosh classification and linking them to the number of flares associated with the corresponding
sunspot groups, we find that 48% of all M- and X-class flares in our study are produced by only 8% of
all sunspot groups, belonging to the McIntosh subclasses -ai, -kc, and -ki corresponding to sunspot groups
with an asymmetric main spot and a more complex (intermediate or compact) internal sunspot distribution.
About 57% of all classified sunspot groups produce only 12% of all M- and X-class flares. They belong to
the McIntosh subclasses -so, -sx, -xo, and -xx, which correspond to the smallest and simplest sunspot
regions and the phases marking the emergence and final decay of sunspot groups (Axx, Bxo, Hsx). Though
the McIntosh classification is a great tool to forecast flare activity, there remain large differences in the
actual flare behaviour of individual sunspot groups within the same McIntosh class.
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1 Introduction

Solar flares belong to the most energetic events in the
solar system. The X-ray and extreme ultraviolet (EUV) emis-
sion released by these explosive events disturbs the Earth’s
ionosphere, thus affecting high-frequency communication

(HF Com; 3–30 MHz), as described by the NOAA R-scale2

(Radio blackout; Poppe, 2000). Occasionally, the flare events
are also accompanied by strong emission at radio frequencies
greater than 30 MHz (Hey, 1946; Boischot, 1958). These
“Type IV” radio bursts may significantly deteriorate satellite
signals (e.g. Cerruti et al., 2008) as well as ground-based radar

*Corresponding author: jan.janssens@oma.be
1 GOES: Geostationary Operational Environmental Satellites.

2 NOAA (National Oceanic and Atmospheric Administration)
space weather scales: https://www.swpc.noaa.gov/noaa-scales-ex-
planation.

OPEN ACCESSRESEARCH ARTICLE

J. Space Weather Space Clim. 2025, 15, 14
� J. Janssens et al., Published by EDP Sciences 2025
https://doi.org/10.1051/swsc/2025007

Available online at:
www.swsc-journal.org

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0002-4205-3149
https://orcid.org/0000-0002-4205-3149
https://orcid.org/0000-0002-4205-3149
https://www.swpc.noaa.gov/noaa-scales-explanation
https://www.swpc.noaa.gov/noaa-scales-explanation
https://www.edpsciences.org
https://doi.org/10.1051/swsc/2025007
https://www.swsc-journal.org/
https://creativecommons.org/licenses/by/4.0/


operations at the affected frequencies (e.g. Marqué et al., 2018).
Since the first (white light) detection of a solar flare on
1 September 1859 (Carrington, 1859), experience by space
weather forecast centers has proven that it is not such an easy
task to forecast the correct timing and intensity of a solar flare
(e.g. Devos et al., 2014; Kubo et al., 2017; Murray et al.,
2017). This is a nuisance for various space weather (SWx)
end users who rely on the proper functioning of these
technology-based services and infrastructure.

Recognizing the important space weather effects that solar
flares can induce, researchers have developed various forecast-
ing schemes over the years. An overview and discussion of the
flare forecasting methods and their performance can be found in
Barnes et al. (2016) and Leka et al. (2019a, 2019b). These
methodologies allow the forecast of flare probabilities, usually
over a period of 24 hours, and for a range of flare intensities
designated by the GOES flare class (A, B, C, M, and X – see
Sect. 2.1). A widely used scheme is based on the McIntosh sun-
spot group classification (McIntosh 1990 – henceforth McI90).
Here, sunspot groups are binned into 60 categories according to
their size, length, shape of the main sunspot’s penumbra, and
internal sunspot distribution. Then, for each category, the flare
frequency is determined for the 3 main GOES X-ray classes
C, M, and X, whereas the weaker A- and B-class flares are
mostly ignored in the flare forecasts. Applying these numbers
to the observed sunspot regions, the SWx forecaster can then
determine the solar flare probabilities for any given day.

The accuracy of the flare predictions that are based solely on
the McIntosh classification leaves room for improvement (see
e.g. Barnes et al., 2016; Park et al., 2020). SWx forecasters fine-
tune the numbers by also looking at the magnetic structure of
each sunspot group (Mount Wilson classification; Hale et al.,
1919; Künzel 1960), which may be combined with the sunspot
area (Sammis et al., 2000), the evolution of the sunspot area
(Lee et al., 2012), the presence of specific group features such
as filaments or sigmoids (Canfield et al., 1999) in the active
region, or small scale structures that can act as flare triggers
(e.g. Kusano et al., 2020). Extensive discussions on the various
physical mechanisms behind solar flares can be found in e.g.
Kowalski (2024) and Toriumi & Wang (2019).

Attempts have also been undertaken to simplify the
McIntosh classification scheme (Bornmann & Shaw, 1994), to
apply a different methodology for relating the categories to
the flare statistics (Bornmann et al., 1994), or even to take into
account the evolution from one McIntosh category to another
(McCloskey et al., 2016, 2018 – henceforth McC16 and
McC18 respectively). Several research groups have also devel-
oped other methodologies, such as automated McIntosh class
assignments to sunspot groups, including the use of machine
learning techniques (e.g. Qahwaji & Colak, 2007; Lee et al.,
2013, ASSA3). Whereas the McIntosh classification is inher-
ently qualitative by nature, other machine-learning techniques
based on quantitative photospheric features derived from
magnetograms were proposed (Leka et al., 2019b). But in all
methods, the flare probability forecast may still not match the
observed flare frequencies, not in the least because of the

sometimes unexpected nature of the solar flare production,
reminding researchers that there are still unknown processes
governing some of the fundamental physics of flare generation.

Since 2000, the Solar Influences Data analysis Center
(SIDC) at the Royal Observatory of Belgium (ROB) has a
SWx forecast team that provides daily space weather bulletins
(the so-called URSIgrams4), containing – among others – an
analysis of the solar flare activity and a 1-day forecast of the
flare probabilities.5 This forecast is based on McIntosh classifi-
cations provided by NOAA, Catania6, and their own assess-
ment. In doing so, it became clear that the NOAA
classifications occasionally tended to the high side, sometimes
attributing sunspot groups too compact sunspot distributions
and overestimating the size and asymmetry of the main sunspot
(see Sect. 3.1). As a result, the flare forecast probabilities solely
based on NOAA’s McIntosh classifications were too high.
NOAA obtains the McIntosh classifications from the Solar
Observing Optical Network (SOON7; Giersch et al., 2018)
maintained by the United States Air Force (USAF). As a result,
these McIntosh classifications and other sunspot group data,
such as the sunspot area, pertain to sunspot groups from the
previous day. Thus, the NOAA data, as imported into the
SIDC’s flare forecasting system, may sometimes also be some-
what outdated to keep up with some of the fast-evolving, more
complex sunspot groups, which results in inaccurate flare
probabilities.

In December 2019, with GOES-16 becoming the primary
satellite for solar X-ray flux monitoring, NOAA’s Space
Weather Prediction Center (SWPC) stopped applying a
correction factor to the recorded X-ray fluxes8 (“0.7” for the
XRSB Long Channel covering from 0.1 to 0.8 nm). These scal-
ing factors were initially implemented by SWPC to get GOES-8
fluxes to agree with GOES-7, as GOES-7 was the last of the
spinning GOES satellites while GOES-8 was the first of the
three-axis-stabilized satellites. Since then, rocket launches and
comparisons with the new well-calibrated GOES-16 have con-
firmed that the GOES-8 through GOES-15 sensors are accurate
and that the use of scaling factors to match the old spinning
satellites is not correct. Therefore, the X-ray fluxes reported
by previous GOES satellites (prior to GOES-16) are lower than
the currently reported ones (i.e. from GOES-16 and onwards).
This basically means that a flare reported by the old reporting
system (GOES-15 and earlier) as a C7 flare is, in reality, an
M1 flare. Under the new reporting system (from GOES-16
onwards), it would have effectively been reported as an M1

3 ASSA: Automatic Solar Synoptic Analyzer (Korea Space Weather
Center) – https://spaceweather.kasa.go.kr/assa (Hong et al., 2014 –
https://ui.adsabs.harvard.edu/abs/2014AGUFMSH21A4089H/
abstract).

4 URSI: Union Radio-Scientifique Internationale – International
Union of Radio Science.
5 Only the flare probability for the next 24 hours is mentioned in the
URSIgram. The 24 hours flare probability for day 2 and day 3 are
also determined, but are not published and kept for internal use.
6 The Catania data are available at http://web.ct.astro.it/sun/.
7 The daily Solar Region Summaries are available at NOAA/
SWPC’s website: https://www.swpc.noaa.gov/products/solar-region-
summary.
8 A discussion and some background is provided by NOAA/NCEI
(National Centers for Environmental Information) and can be found
on their website at https://www.ngdc.noaa.gov/stp/satellite/goes/
index.html (GOES X-ray Sensor), as well as in this SWPC newsitem
at https://www.swpc.noaa.gov/news/goes-14-15-are-now-storage-
mode.
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flare. The strongest flare in the database, an X28 event observed
on 4 November 2003, would now count as an X40 flare. Con-
sequently, a larger number of M- and X-class flares can be
expected for the same McIntosh categories than in the pre-
GOES-16 era, when the downscaling factor of 0.7 was applied.
As such, the flare rates for the various McIntosh classes, as
obtained by earlier studies, would considerably underestimate
the flare activity for the various McIntosh classifications, espe-
cially for the larger and more complex classes.

The contribution of our study is three-fold. First, as
described in Section 2, the 0.7 downscaling factor was removed
from the old GOES data for the period 1976–2019. The number
of flares for each category was recalculated (“GOES new”) and
compared to the old GOES data (“GOES old”). For the same
period, as described in Section 3, the McIntosh sunspot group
classifications were redone, and the overall numbers for each
category were compared to already published material
(McI90; Bloomfield et al., 2012; henceforth BL12). In Section 4,
the flare rate for each of the 60 McIntosh categories is com-
puted. These “new” flare rates are compared with “old” values
previously published by e.g. BL12, and conclusions with
respect to flare prediction using sunspot McIntosh classification
are drawn. As far as we know, our study is the first to compile
flare rates and flare probabilities based on these rescaled flare
intensities and revised McIntosh classifications. Section 5 pro-
vides a summary of our main conclusions.

2 GOES flare statistics

2.1 Introduction

GOES, the Geostationary Operational Environmental
Satellites, has been providing SWx data since 1976. One of
its instruments, the soft X-ray sensor (XRS), monitors the global
solar irradiance in two wavelength bands of 0.05 to 0.4 nm
(short channel) and 0.1 to 0.8 nm (long channel). The choice
for the 0.1–0.8 nm band over other solar indices, such as the
10.7 cm solar radio flux or H-alpha observations, had several
reasons, the main being that the X-ray emission from a strong
solar flare has important ionization effects in the Earth’s iono-
sphere. Other advantages were that there are no center-to-limb
effects, that the source of the flare is confined to the corona, thus
avoiding any contribution from e.g. the quiet chromosphere, and
that there is an obvious range up to 3 orders of magnitude
between solar cycle (SC) minimum and maximum (Bouwer,
1983, Aschwanden 1994). The other, harder X-ray channel
(0.05–0.4 nm) provides additional information on the state of
the coronal plasma (Garcia, 1994), on spectral hardness (White
et al., 2005) and is used in other research such as e.g. on the
onset of solar flares (Hudson et al., 2021).

The GOES X-ray sensors take measurements every
3 seconds9 using two gas-filled ion-chambers (Aschwanden,
1994). They operate on the ion-chamber principle: measured
ion-chamber electric current is proportional to the net ionization

rate caused by incident X-ray flux on encapsulated noble gases.
A description and procedure of the computation are provided by
Garcia (1994). Based on the obtained output, Don Baker created
the NOAA’s flare classification scheme labeled “A-B-C-M-X”
(Poppe & Jorden, 2006), which is defined on a logarithmic scale
as follows: soft X-ray classes A1-9 through X1-9 correspond
to flare peak 0.1–0.8 nm fluxes of 1–9 � 10�n W m�2 where
n = 8, 7, 6, 5, and 4, for classes A, B, C, M, and X, respectively.
Occasionally, flares are observed with peak intensi-
ties � 10�3 W m�2. Although the letters Y and Z were origi-
nally for each order of magnitude larger than the X-class,
these letters have never been used. Such flares are referred to
as X10 events and above, e.g. an X17 or X28 flare (Cliver
et al., 2022).

NOAA/SWPC provides charts with the evolution of the
GOES X-ray flux over the last 6 hours to 1 week, and has a
supplementary webpage that contains specifics on – amongst
others – solar flares as observed by GOES.10

2.2 “Old” GOES flare statistics

The entire list of flares from the start of the GOES observa-
tions until 2017 is available on the website of NOAA/NCEI.11

In this paper, missing flares from mid-2017 till the end of 2019
(C-, M-, X-class) were added from the “Weekly”.12

The resulting file covers 77775 flare events for the period
January 1976 – December 2019 and is available as a Supple-
mentary data file “Supplementary Data A_GOES flares_Old
and New.xlsx”. A few incomplete and ambiguous flare entries
were eliminated, i.e. 31 flares for which no peak intensity was
mentioned and another 175 flares which had “C0” as peak flux.
This still leaves 77569 events in the database.

The B-class events are largely underreported because they
were only included by NOAA in the reports from 1983
onwards, and they were not counted from the “Weekly”
summaries from mid-2017 onwards. Also, at times of high solar
activity, the overall soft X-ray background flux can be so high
that it overwhelms any B-class and, on occasion, even C-class
flares that are being produced (Bornmann, 1990; Ryan et al.,
2012). In this paper, as we are focusing on predictions of flares
peaking at and above the C1 level and not trying to detect any

9 The X-ray sensors (XRS) are continuously improved. The current
XRS (GOES-16 and higher) are actually taking one measurement
every second, whereas the time cadence for the GOES-13-15 was 2
seconds and that for the older GOES generation 3 seconds. (https://
www.ngdc.noaa.gov/stp/satellite/goes/ and https://www.ngdc.noaa.
gov/stp/satellite/goes-r.html).

10 The NOAA/SWPC charts with the GOES x-ray flux are at https://
www.swpc.noaa.gov/products/goes-x-ray-flux, whereas the solar and
geophysical event reports are at https://www.swpc.noaa.gov/prod-
ucts/solar-and-geophysical-event-reports.
11 NOAA National Centers for Environmental Information (NCEI),
which has integrated since 2015 the National Geophysical Data
Center (NGDC); the website is at ftp://ftp.ngdc.noaa.gov/STP/space-
weather/solar-data/solar-features/solar-flares/x-rays/goes/xrs/.
12 The Weekly, short for Preliminary Report and Forecast of Solar
Geophysical Data, is jointly produced by the National Oceanic and
Atmospheric Administration (NOAA) Space Weather Prediction
Center (SWPC), and the Air Force Weather Agency (AFWA). They
are available online at https://www.swpc.noaa.gov/products/weekly-
highlights-and-27-day-forecast (1997 till present), with paper-only
versions of the current series of weekly reports starting on 09
September 1975 with serial number PRF 001. Note the solar flare
events can also be distilled from NOAA/SWPC daily solar event
reports (1996-present) available at NOAA/NCEI ftp://ftp.ngdc.
noaa.gov/STP/space-weather/swpc-products/daily_reports/solar_e-
vent_reports/.
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underlying physical mechanism of solar flares, we have
followed Wheatland (2005) and made no attempts to correct
or subtract for the soft X-ray background (see also e.g. Leka
et al., 2019a; Wheatland & Litvinenko, 2002; McCloskey
et al., 2018).

In the NOAA/NCEI database, 44.1% of the reported flares
have no source region assigned, most of them (96.8%) belonging
to the B- and C-class. Until 2004, locations and flares were
linked to each other using optical (H-alpha) observations by
the USAF network, after which NOAA started to use GOES
imagery (SXI).13 Thus, certainly prior to 2004 (prior to
GOES-12), flares can be missed in optical observations due to
e.g. bad weather conditions. Anticipating the calculation of flare
rates for the McIntosh classes for this study, we made a special
effort to assign a source region to a maximum of flares with a
peak intensity of C7 or higher. This was done by checking
EUV imagery from SDO/AIA (Lemen et al., 2012) and
SOHO/EIT (Delaboudinière et al., 1995), corresponding white
light imagery from SDO/HMI (Schou et al., 2012) and SOHO/
MDI (Scherrer et al., 1995), and the daily NOAA SWx bulletins
(RSGA14). Doing so, a source region was retrieved for 692 out
of 2109 of the flares concerned. This means that a source region
was assigned to 86% of the X-class flares and 44% of the
M-class flares that were initially lacking such a source region.
That there are still several missing is mostly due because, aside
from too little information in the pre-1997 bulletins, sometimes
the flare was the result of a filament eruption, or the flare took
place behind the solar limb with 2 or more active regions near
that location, or there were flare events in different active regions
going on simultaneously, making the identification of the source
ambiguous.

2.3 “New” GOES flare statistics and comparison

Following the recommendation by NOAA/NCEI for the
pre-GOES-16 data (See Footnote 8), all flare peaks in the data-
base (“old” GOES data) were divided by 0.7, i.e. upscaled by a
factor 1/0.7 = 1.429. This represents a shift by +0.155 in the
logarithmic C-M-X scale. In all that follows, “GOES old”
means the events before this upscaling (“old” GOES data),
and “GOES new” means the events after they have been
upscaled by removing the 0.7 factor (“new” GOES data). The
full intensity was used for this upscaling, and then rounded
down (e.g. C6.9 divided by 0.7 would become C9.8 and not
C9.9). Note that for the flare data since GOES-16 (post

2019), this upscaling is no longer required because the 0.7 factor
is no longer applied to the flare’s peak intensity by NOAA.

Table 1 shows the number of flares per GOES X-ray class
and per solar cycle before and after the removal of the 0.7
downscaling factor (respectively the upper and lower portion
of the table). A 50% increase in the number of M-class and
X-class events is obvious, with respective percentages of 55%
and 52%. This bears on the workload of those forecast centres
issuing advisories and warnings to civil aviation and other SWx
end users (satellite operators, etc.) whenever a solar flare reaches
the X-class level (e.g. Devos et al., 2014; Kauristie et al., 2021).
Furthermore, it changes the number of alerts and contingency
actions along the entire space weather chain, up to the end users
and customers (switching to safe mode for satellite operators,
changing band for telecom, etc.). Also, in the solar cycle
research domain, there are important consequences, e.g. in the
prediction of the number of flares (Janssens, 2021) or in the
maximum strength of a solar flare (Cliver et al., 2022). More-
over, for SC25 it may create some wrong ideas about the
activity of the ongoing solar cycle. Indeed, the already high
number of recorded M- and X-class flares for SC25 – over
1250 until September 202415 – is only in part due to the much
higher solar activity than initially expected (NOAA/SWPC16).
Even if the sunspot numbers for SC25 had been similar to that
of the previous SC24, then there would still have been a 50%
increase in reported M- and X-class flare numbers simply
because the 0.7 downscaling factor is no longer applied. This
is something to keep in mind when comparing the high flare
activity of SC25 with that of its predecessor. There is also an
important change in the number of very strong flares (X10 or
larger) recorded during the GOES era. Indeed, because of the

Table 1. The number of flares per GOES X-ray class and per solar
cycle, before and after the removal of the 0.7 downscaling factor
(“GOES old” and “GOES new”, respectively the upper and lower
portion of the table). A 50% increase in the number of M-class and
X-class events is obvious (respectively 55% and 52%). Solar cycles
are from the 13-month smoothed monthly sunspot number minimum
to the next minimum (Meeus, 1958), with the data from January to
March 1976 added to SC21.

SC21 SC22 SC23 SC24 Total

GOES old
A 2 9 2 13
B 2857 6128 8470 5403 22858
C 14487 12439 13162 7736 47824
M 2184 2020 1442 733 6379
X 168 152 126 49 495
Total 19696 20741 23209 13923 77569
GOES new
A 1 4 5
B 2216 4713 6423 3888 17240
C 13776 12752 14322 8835 49685
M 3441 3043 2277 1124 9885
X 263 232 183 76 754
Total 19696 20741 23209 13923 77569

13 From the Read Me file on NOAAs Edited Solar Events list:
ftp://ftp.swpc.noaa.gov/pub/indices/events/README and NCEI doc-
umentation at https://www.ngdc.noaa.gov/stp/space-weather/solar-
data/solar-features/solar-flares/x-rays/documentation/miscellaneous/
as well as at https://web.archive.org/web/20150703131213/http://sxi.
ngdc.noaa.gov/.Unlike GOES-12, the subsequent GOES-13 through
GOES-15 spacecraft lacked reliable flare location capability due to
instrumental issues. So, SWPC returned to using H-Alpha flare
locations provided by USAF or mapping the flare to the center of the
most likely region responsible for the flare. This practice has
continued through the present day. While flare location was restored
for GOES-16 onward, this has not been implemented operationally
pending verification and validation efforts and algorithm refinement.
14 RSGA: SWPCs daily Report of Solar and Geophysical Activity,
available at ftp://ftp.swpc.noaa.gov/pub/warehouse/ (1966-present).

15 STCEs Solar Cycle 25 Tracking page: https://www.stce.be/con-
tent/sc25-tracking (updated 11 October 2024).
16 From the international SC25 Prediction Panel: https://www.swpc.
noaa.gov/news/solar-cycle-25-forecast-update.
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rescaling, there are now 29 X10–X19 and 8 X20 or stronger
events instead of 19 and 3, respectively (Table 2). The
most powerful flare in the GOES era is now the X40 from
4 November 2003, instead of X28 as currently reported in the
database (same event, but higher intensity as a result of the
upscaling).

There are also some interesting effects on the occurrence
rates of the five levels of the NOAA’s R-scale (see Footnote 2),
as described by Poppe (2000). These scales were introduced in
the late 1990s to provide a link between a physical space
weather parameter, such as the GOES soft X-ray peak flare
intensity, and actual observed space weather effects, such as
on HF communications. The occurrence rate (number per SC)
for each of the five levels of the R-scale (the R stands for Radio
blackout) largely overestimated those from an average SC, as
they were based on the very active SC21 and 22. However,
due to the rescaling effort and the coverage of four full solar
cycles, the deviations of “GOES new” numbers of events per
SC with respect to the NOAA average SC rates are now within
the range 5%–35%, whereas they were in the order of 30%–

55% for the “GOES old” numbers (see Table 2). It would be
preferable to express these occurrence rates as a function of
the predicted/observed amplitude of the solar cycle (see e.g.
Janssens, 2021), but this would make it much more difficult
to communicate it to the broad public.

3 McIntosh classifications

3.1 Classification technicalities

The McIntosh classification for sunspot groups was intro-
duced by Patrick McIntosh (McIntosh, 1990) in the 1960s. It
was an improvement and expansion of the Zürich sunspot clas-
sification scheme, which was developed and revised by Max
Waldmeier (1938, 1947; Kiepenheuer, 1953), who himself
had modified an earlier scheme introduced by Cortie (1901;
Carrasco et al., 2015). The general form of the McIntosh classi-
fication is Zpc, where Z is the modified Zürich class, p is the
type of principal spot, primarily describing the penumbra, and
c is the degree of compactness in the interior of the group. These
three components can be linked to the magnetic flux, the mag-
netic flux emergence, and the magnetic topology of the group as

outlined by McCloskey et al. (2016). The Zpc scheme results in
60 distinct types of groups, thus allowing for a more detailed
description of a sunspot group than the classifications that
existed up to that point, all the while keeping the classification
process relatively simple for the solar observer.

Figure 1 provides an overview of the different types of
sunspot groups, and the various observational parameters that
lead to these 60 classes (white boxes). From a basic distinction
between unipolar and bipolar sunspot groups, the unipolar
groups can be classified according to the presence (or not) of
a penumbra around the main spot, and the shape and North-
South diameter of the penumbra. The classification of the
bipolar groups expands further on this by also considering the
distribution of sunspots inside the group, the distance
between the two outer main sunspots of the group, as well as
which end contains sunspots that have a penumbra (none, one
end, or both). Using this table, one can also get a general
idea of the outlook of a sunspot group. For example, “Dsc”
means a bipolar sunspot region with a length less than 10
degrees, with both ends having a mature penumbra (“D”), of
which the largest being symmetrical and small (North-South
diameter of less than 2.5�; “s”), but with numerous sunspots
between the main spots of which at least one has a fully mature
penumbra (“c”).

Classifying sunspot groups according to the McIntosh
scheme is not always an easy task. In his seminal paper
(McI90), McIntosh went to great lengths to meticulously
describe the various types and subdivisions of his classification
scheme. It contains very precise definitions of what is, for exam-
ple, a unipolar group, a rudimentary or symmetric penumbra, or
an intermediate or compact internal sunspot distribution. Realiz-
ing the potential pitfalls for a solar observer when classifying
sunspot groups, he devoted an entire section to pointing out dif-
ficulties and how to deal with them, warning against assigning a
too complex class to a sunspot group, such as for large asym-
metric penumbrae.

Several SWx forecast centres, such as the SIDC, MetOffice,
and NOAA/SWPC,17 are using the McIntosh classification in
their daily reports and as a step-up for solar flare probability
forecasting, with especially the NOAA/SWPC data being easily
accessible to the wider community. The sunspot data, including
these McIntosh classifications, are reported by NOAA/SWPC in
their daily Solar Region Summaries (SRS; see Footnote 7).
They have been available for nearly half a century now and con-
stitute a true treasure trove for solar observers, solar researchers,
and space weather forecasters. The SRS is a joint product of
NOAA and the USAF, which provides a detailed description
of active regions observed during the preceding day on the solar
disk. It is compiled by SWPC after analysis and compilation of
all the individual reports received from USAF’s Solar Optical
Observing Network (SOON). Determining the best representa-
tion of the region’s characteristics can sometimes be a challeng-
ing task with rapidly evolving regions, and the space weather
forecaster must take into account seeing conditions at the indi-
vidual observatories, the experience of the analysts, and other
considerations. On the downside, the SRS inevitably contains

Table 2. The NOAA R-scales with corresponding physical parameter
(GOES soft X-ray flare peak intensity), the current average of events
per solar cycle as referred to by NOAA, and the calculated averages
per SC based on the old data (4 cycles instead of 2) and the rescaled
ones. The newly obtained numbers (“GOES new”) are closer to the
original NOAA averages/SC than the older numbers (“GOES old”),
the deviations being respectively 5%–35% and 30%–55%.

NOAA GOES old GOES new

R-scale SXR class Avg/SC Avg/SC Avg/SC

R1 M1–M4 2000 1441 2246
R2 M5–M9 350 154 225
R3 X1–X9 175 118 179
R4 X10–19 8 5 7
R5 > X20 < 1 1 2

17 A more complete list is in Leka et al. (2019a; their Table 6),
containing also e.g. AMOS (Korean Meteorological Administration
and Kyung Hee University), ASAP (University of Bradford) and
ASSA (Korean Space Weather Center).
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typos, missing data, misclassification, or bad allocation of
NOAA active regions and active region flare assignation.
In their effort to produce automated McIntosh classifications,
Colak & Qahwaji (2009) produced automated tools to detect
inconsistencies in the NOAA catalogues.

Note that the SDO HMI imagery and the recent designation
of GONG (Global Oscillation Network Group) imagery as an
operational resource now provide additional assessment and
monitoring capabilities to the observations provided by USAF.
Nonetheless, some errors may remain, as Angryk et al. (2020)
pointed out in their effort to provide curated datasets of NOAA
active regions and flare catalogues. McIntosh himself was aware
of these occasional misclassifications (private communication,
15 November 2004), with Figure 2 providing some examples
as illustrations.

3.2 Methodology

In this paper, the McIntosh classification of sunspot groups
for the period 1976–2019 was redone, thus covering four full
solar cycles and the entire era of the GOES X-ray measure-
ments. It builds on earlier, unpublished work that was started
by the lead author in 2005. This explains, in part, the choice
for the drawings made by the Kanzelhöhe Solar Observatory,18

which was one of the databases going back furthest in time with
a consistent quality in the solar drawings. The ease of access
was also an important factor at that time. The Kanzelhöhe obser-
vers are making their drawings using a refractor with a diameter
of 11 cm and a focal length of 165 cm. A projection lens then
enlarges the primary image to 25 cm diameter and focuses it on
an attached drawing plate. Due to the folding of the light path,
the drawing is side-reversed (i.e. the east limb is to the right).
The solar drawings are made by different observers,19 with

about nine observers having done the bulk of the drawings con-
sidered in this paper.

The classifications of the sunspot groups visible in the draw-
ings were made manually, i.e. without the aid of any digital tool.
This better mimics the conditions a solar observer would have
to deal with. To reduce the workload, about 10 equally spaced
observations were selected per month, i.e. about one drawing
every 3 days. So, in total, 4720 Kanzelhöhe drawings were eval-
uated. A quick check based on observations during minimum
and maximum years of the solar cycles (965 days), revealed that
the median observation time was 08:15UT, with 50% of the
observations done between 07:12 and 10:00UT. The median
values over the solar cycles are within 15 minutes of this med-
ian value, with a slight tendency towards earlier timings over
those four decades. Due to the shorter days and lower Sun ele-
vation, the observations during winter (December, January and
February) are done almost 2 hours later than during summer
(June, July and August), with median values respectively of
09:15UT and 07:20UT. Spring and autumn have observation
times close to the overall median values (respectively
08:00UT and 08:05UT).

The McIntosh classifications for each of the recorded sun-
spot groups on the drawing were added to the NOAA solar data
tables. These tables were originally available from the NASA/
Marshall Solar Physics website, but then relocated to the Solar
Cycle Science webpage20 in 2017, where they are still available
and supplemented with the latest data. During this transition, the
McIntosh classification (NOAA/USAF network) was added to
the sunspot group data, going back all the way to 1982. While
making the McIntosh classifications for this study, these
NOAA/USAF classifications were hidden from view to avoid
any influence on the author.

No 
penumbra

Sunspot 
distribu�on No penumbra

open Bxo

intermediate Bxi

rudimentary symmetric asymmetric rudim. symm. asymm. rudim. symm. asymm. rudim. symm. asymm. rudim. symm. asymm.
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Figure 1. Overview of the different types of sunspot groups and the various observational parameters that lead to these 60 classes (white
boxes). From a basic distinction between unipolar and bipolar sunspot groups, the unipolar groups can be classified according to the presence
(or not) of a penumbra around the main spot, and the shape and North-South diameter of the penumbra. The classification of the bipolar groups
is further subdivided by considering the internal sunspot distribution and the length between the two main portions of the group, and which
portion has a penumbra (none, one end, or both).

18 Kanzelhöhe Observatory: http://cesar.kso.ac.at/ , with the solar
drawing archive at http://cesar.kso.ac.at/synoptic/draw_years.php and
a description of the observational set-up at http://cesar.kso.ac.at/
instruments/sonne_zeichnungen_en.php#topic2.
19 A regularly updated overview chart is at http://cesar.kso.ac.at/
tmp/observer.png.

20 NASA/MSFC: https://solarscience.msfc.nasa.gov/greenwch.shtml;
Solar Cycle Science webpage: http://solarcyclescience.com/activere-
gions.html; Note that during this transition also the timing got
corrected. Previous date/times were off by a half day. Times were
changed from 0.500 days to 0.000 days and dates were incremented by
one day.
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The location of the sunspot groups mentioned in the NOAA
solar data tables greatly facilitated connecting the sunspot
groups appearing on the Kanzelhöhe drawings with the
corresponding NOAA numbers of the sunspot groups. When
a sunspot group mentioned in the NOAA tables was not visible
in the Kanzelhöhe drawings, e.g. because it had rounded the
west solar limb, then a “0” was inserted. Vice versa, when there
was a sunspot group on the drawings which was not mentioned
in the NOAA tables, then a new number was created with the
structure “Kyynnn”, with K from Kanzelhöhe, yy indicating
the year and nnn the number of the new group for that year.
The very large majority of these groups (83%) concerned small
groups (Axx, Bxo, and the smaller H-type groups). The larger
groups are mostly concerned with groups split off from more
complex regions or occasional NOAA/USAF misses. For the
627 days with a spotless Sun, a “0” was inserted for the
McIntosh classification.

The final list contains 22232 genuine (i.e. non-zero)
McIntosh classifications for 4720 observing days, available as
Supplementary data in the file “Supplementary Data
B_McIntosh classifications.xlsx”. The Fro class was not
observed. Of course, it is very likely that this list will contain
some errors and debatable classifications too, despite it being
compiled by one “observer” and based on a set of solar
drawings that originate from the same institute (Kanzelhöhe).
Indeed, the Sun regularly produces sunspot groups that pose a
challenge to get accommodated in one of the 60 McIntosh
classes, and sometimes, the sunspot groups evolve very fast
from simple to complex configurations in much less than
24 hours, allowing for multiple McIntosh classifications for a
sunspot group in a single day. While occasional errors should
not be a big problem for the statistical analysis, it becomes a
problem if there is a certain tendency in the errors such as
e.g. a systematic bias towards classifying regions as too
complex, or when it affects McIntosh classifications which are
relatively rare and thus may quickly affect the flare rate corre-
sponding to that McIntosh class. While classifying the

sunspot groups, the authors have put a substantial effort in
remaining as close as possible to the original definitions of
the Zpc-scheme crafted by Patrick McIntosh, thus avoiding as
much as possible any systematic bias.

3.3 Comparison of results

Comparison of the obtained classifications in this paper with
the original McIntosh results (Kildahl, 1980; McI90),21 reveals
there is a close match (z-test) for all three parameters (Table 3).
For the Z-component, the new results have a bit less B-types
(14% vs. 18%) than McI90, but a slightly higher percentage
for C- and H-types (42.3% vs. 39.9% combined). For the
p-component, there is a somewhat larger difference of 7% for
the r-type (14.1% vs. 7%), but about 4% fewer sunspot groups
without penumbra, i.e. the x-type which corresponds to the
A- and B-types (34.5% vs. 38.3%). These small differences
can easily be explained by considering the very detailed draw-
ings made by the Kanzelhöhe observers, often showing very
puny penumbra around a spot. This naturally results in more
Cro, Cri and Hrx types compared to McI90 (11.7% vs. 5.9%).
The values for the c-component are nearly identical. Also, the
subgroupings are very good, e.g. the percentage for the -kc
types is identical to the one mentioned in McIntosh (1.5%).

Comparing the numbers in this and the McIntosh paper with
the SWPC data, as mentioned in BL12, reveals significant
(z-test) differences. An important consideration to make first
is that the SWPC values in the BL12 study are limited to the
period December 1988 – June 1996, i.e. the maximum and
declining phase of solar cycle 22 (SC22), which was a very

Figure 2. SDO/HMI images with an overlaid 10� � 10� grid as available at SolarMonitor: https://www.solarmonitor.org/, showing a zoom of
some sunspot groups that appeared early 2022. NOAA/SWPC classified active region (AR) 12939 as a Dho group, AR 12941 as an Eki group,
and AR 13004 as Dkc. Note the McIntosh definitions for a symmetric spot (“s” or “h”) allow for an elliptical or slightly irregular penumbra. For
the compact sunspot distribution (“c”), at least one mature spot is required between the two main portions. Consequently, more accurate
classifications of these 3 groups would have been Cso, Fsi and Dho. The original misclassifications indicate group types with very high
probabilities on M- and X-class flares. Consequently, they largely overestimate the actual flare probabilities associated with the more accurate
revised classes. Indeed, during the next 24 hours, each of these groups produced only 1 C-class flare.

21 Two errors in the McIntosh numbers (McI90) were corrected,
based on the numbers in the Bloomfield et al. (2012; BL12) paper:
Cri and Cso. In the BL12 paper, 6 classes are apparently missing:
Eri, Ero, Fro, Esc, Fac and Fsc (zero counts or no flares reported).
Correcting gives the total number of classifications of 12411 as
quoted in the McIntosh paper.
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active solar cycle. The McIntosh values (Kildahl, 1980) concern
the period 1969–1976, i.e. the maximum and declining phase of
solar cycle 20 (SC20), which was considerably less active than
SC22 by about 25% (maximum smoothed sunspot numbers22 of
respectively 156.6 and 212.5).

Therefore, in order to minimize any effect from the differ-
ence in strength between the solar cycles, the portion between
December 1988 and June 1996 was extracted from our data-
base, and the percentages of the Z-, p-, and c-components were
recalculated (column “JJ_88_96” in Table 3). The percentages
of the McIntosh classes for this portion of SC22 differ very little
from the general average as determined for all 4 solar cycles.
Thus, the differences with the SWPC remain obvious: SWPC
has 10 to 12% fewer unipolar groups (A- and H-types) than
McI90 and this paper, 19–21% more asymmetric penumbra
groups, and 18–19% more sunspot regions with an open
distribution. This suggests that for the p-component, at least
during that period, sunspot groups with a rudimentary or
slightly irregular penumbra were considered as having an asym-
metric penumbra.

The differences in the Z- and p-components allude to a
reporting problem. Indeed, checking the currently available
McIntosh classifications in the Solar Cycle Science database
(see Footnote 20), numerous non-existing and thus incorrect
classifications can be found. As an example, on 17 August
1989, one can find the following erroneous classifications:
Hao, Axo, Ckc, Hho. These should have been Hax, Axx, Cki
and Hhx. These NOAA/USAF lists also contain a lot of dou-
bles, i.e. on 18 August 1989 there were 2 entries for NOAA
5643 and 5645. The final list created for this research contains
512 doubles, which were given a special number starting with D
to indicate that this was a double. Of these double-counted
groups, 65% were reported between December 1989 and June
1996, 75% were given the McIntosh class “0”, and the remain-
der were very simple groups such as Axx, Bxo, and Hrx. It is
unclear if BL12 took these errors and anomalies into account
when compiling their list with region counts per McIntosh class
(their Table 2, columns 1 and 2), but it may explain at least in
part the previously mentioned anomalies in the Z, p, and c
classes, and thus also affect the flare rates. It is also noteworthy
that the percentage of compact groups (“c”) is only half that of
established in McI90 and this paper. This seems to be the
reverse of what has been observed in the SWPC data during
the most recent solar cycle 24 (SC24), where there seems to
be a tendency to over-assign complex classifications, as illus-
trated in Figure 2.

4 Flare rates and flare probabilities

4.1 Methodology and results

Merging the flare list (Sect. 2) with the sunspot group list
(Sect. 3), a new list is compiled containing year, month, day,
NOAA group number, McIntosh classification of each group,
and the number of C-, M- and X-class flares produced by that
group for that day. As the bulk of the Kanzelhöhe
observations were done during the morning hours, the McIntosh
classes were considered valid for the entire day (so from 00 UT
onwards). In other words, counted flares can have occurred
either before or after the time of the Kanzelhöhe drawing on
the same day, but mostly after, given that the drawing time
usually falls early on the UT day. That way, the flare numbers
could be summed for that day (00-24UT), thus avoiding a labo-
rious check consisting of determining for each observing day at
what time the Kanzelhöhe observation was done and then
scrutinising all the flares for the next 24 hours. The newly
obtained list contains 10202 flares (7653 C-, 2351 M- and
198 X-class events) distributed over 22232 groups with a
McIntosh classification.

The Supplementary file “Suppl Mat_Results A_McI
counts_upscaled(GOESNew)flarerates” tabulates for each
McIntosh class the counts, the total number of flares associated
with it (C, M, and X), the flare rate over 24 hours and the error
following the methodology outlined in BL12. The next three
columns represent the flare rate over 24 hours for C+ flares
(C1 or higher flare, so summing for C- and M- and X-class
flares), for M+ flares (M1 or higher flare, so summing for M-
and X-class flares), and for X+ flares (the same as for
X flares). The last columns are the error (BL12) and the
McIntosh class again, which were added to guide the eye.

Table 3. Percentages of the various subtypes of each of the three
components Z, p, and c. The numbers reported are the ones derived
in this paper (JJ), from the original McIntosh paper (1990; Kildahl,
1980), the SWPC values for the period December 1988 until June
1996 (“SWPC”; Bloomfield et al., 2012; henceforth BL12), and a
portion of the data in this paper pertaining to the same period as
SWPC (“JJ_88_96”). All numbers are percentages, except the last
line, which represents the total number of classifications made in the
respective studies.

JJ McIntosh SWPC JJ_88_96

Z
A 20.2 20.3 14.7 21.8
B 14.3 18.0 17.8 14.7
C 19.7 19.1 21.3 20.0
D 15.6 15.5 18.0 15.1
E 5.9 4.9 8.8 5.1
F 1.7 1.3 3.4 1.7
H 22.6 20.8 16.0 21.7

p
a 13.3 11.6 27.6 12.5
h 4.1 4.0 1.5 4.0
k 4.7 5.1 9.8 5.4
r 14.1 7.0 6.1 14.1
s 29.4 33.9 22.4 27.6
x 34.5 38.3 32.5 36.4

c
c 2.7 2.4 1.4 2.6
i 15.7 16.5 9.7 15.0
o 38.8 40.0 58.1 39.0
x 42.8 41.1 30.7 43.4

kc 1.5 1.5 1.4 1.7

Total 22232 12411 18733 5237

22 The amplitude for the solar cycles can be found at the SILSO
(Sunspot Index and Long-term Solar Observations) webpage:
https://www.sidc.be/silso/cyclesminmax All sunspot numbers used
in this study are version 2 (Clette et al., 2014).

J. Janssens et al.: J. Space Weather Space Clim. 2025, 15, 14

Page 8 of 17

https://www.swsc-journal.org/10.1051/swsc/2025007/olm
https://www.swsc-journal.org/10.1051/swsc/2025007/olm
https://www.sidc.be/silso/cyclesminmax


Given the flare rates for C+, M+, and X+ categories,
and assuming that flares are occurring following a Poisson
distribution, the probability of having at least one flare of C+,
M+, X+ category can be computed, as well as a confidence
interval on these probabilities, as explained in Appendix.

The Supplementary file “Suppl Mat_Results B_Flare
probs_confidence intervals” tabulates for each McIntosh class
the counts, the number of C+, M+ and X class flares, and then
for each of these three categories the Poisson flare probability

and the corresponding confidence intervals (low, high). These
probabilities are used by SWx forecast centres such as the
SIDC.

4.2 Comparison with previous studies

Comparing the flare rates for the McIntosh classes reported
in this paper with those in BL12, there is a generally good
correspondence in the sense that the most complex sunspot

Figure 3. In order to have an idea of the individual impact by the flare upscaling and the redoing by the McIntosh classifications, the
correlation between four lists with flare rates (1988–1996) was calculated providing the slope and correlation coefficient r (between
parentheses) obtained by a linear regression forced through the origin. The four series are the McIntosh classifications in this paper with GOES
old and GOES new flare counts (resp. JJ old 3d and JJ new 3d) and the NOAA McIntosh classifications with GOES old and GOES new flare
counts (resp. NOAA old 3d and NOAA new 3d). The suffix “3d” is to emphasize it concerns classifications done on average every 3 days. All
regressions have a p-value < 0.0001. A further discussion is in the text.
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groups produce the most flares. Because of the upscaling of the
GOES flare intensities performed in our paper (“GOES new”),
the flare rates mentioned in BL12 are generally lower than those
in the Supplementary file “Suppl Mat_Results A” for C-class
flares (slope of 0.81; correlation coefficient r = 0.95), M-class
flares (0.69; r = 0.93), and X-class flares (0.79; r = 0.86). Note
that these values were calculated through a linear least-squares
regression forced through the origin, and with only 48 of the
60 possible classes: 6 were missing in the BL12 table (their
Table 2) because no counts and/or no flares were observed,
whereas six McIntosh classes were removed because there
were large dispersions in one or more of the three flare classes
(C, M, X) due to the small numbers (counts) of flares involved.
A single flare-active (or inactive) sunspot group can then make
a big difference in flare rates for that particular McIntosh type.
This was the case for McIntosh types Fsi, Ehc, Fhc, and Fri.
For Dsc and Dri, the anomalous rate for C-class flares compared

to this paper (respectively 0.00 vs 1.29, and 3.50 vs 0.47) is
thought to be caused by the artificial computation of the number
of C-class flares as outlined in the BL12 paper. Indeed, Kildahl
(1980) did not provide the number of C-class flares that could
be used for the BL12 study. Thus, in order to provide
C-class-related forecasts comparable to those for M- and
X-classes, flare rates measured over 1988–1996 by NOAA were
assumed to hold for 1969–1976. The relative numbers of
McIntosh observations in the time periods were then used by
BL12 to determine the expected number of C-class flares for
1969–1976. Thus, if the NOAA C-class flare rates were off, it
would explain the large difference in the C-class flare rate
between BL12 and this paper.

Evaluating the flare rates in this work compared to the BL12
paper for all 3 flare classes (C, M, X) and all McIntosh types for
which flare rates were available (54 types for 3 flare classes), an
increase was found in 62% of the cases (100 of 162), 21%

Figure 4. M- and X-class flare rates (#/day) and Poisson flare probabilities (%) for the individual components of the McIntosh classification. A
discussion of the results is provided in the text.
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showed a decrease, and for 17% the same rate was reported than
the one in BL12. A more pronounced smaller flare rate
(difference with BL12 > sigma) was found only for 13
McIntosh types and concerned mostly sunspot groups with a
symmetric penumbra (10 types), often associated with an inter-
mediate (“i”) sunspot distribution. A significantly higher flare
rate (difference with BL12 > sigma) was found for 55 McIntosh
types and concerned mostly McIntosh group types with an
asymmetric penumbra (34). Of note is that for the X-class flare
rate, the differences with BL12 were much smaller. Only the
Dkc class had a significantly higher flare rate than BL12
(+0.15/day).

4.3 Individual contributions

The flare rates reported in this paper are, in general, higher
than the ones reported in BL12. It should be clear that a direct
one-to-one comparison is not possible, and that there will
always be a difference in flare counts, McIntosh counts and
associated flare rates between this paper and e.g. BL12. Indeed,
the NOAA data used in BL12 run from 1988 to 1996 (daily
observations, old GOES) BL12 combines NOAA’s 1988–
1996 data with Kindahl’s (1969–1976; daily observations,
pre-GOES), whereas the classifications and counts in this paper
run from 1976 to 2019 (new GOES) with on the average one
observation every 3 days. The ideal way to disentangle the
two effects (GOES flare upscaling, updated McIntosh counts)
on the flare rates would be to have a day-per-day, group-
per-group comparison. However, the NOAA and Kindahl
source data used in BL12 are not available.

So, in order to get a rough idea on how much the GOES flare
upscaling and the redoing of the McIntosh classifications indi-
vidually contribute to these higher flare rates, a specific project
was initiated for the period December 1988 – June 1996, i.e.
the same period covered in BL12 for the NOAA data. For this
period, the McIntosh classifications from NOAA were taken
from the Solar Cycle Science webpage (see Footnote 20) but
only for the days that were “observed” in this paper (i.e. on
the average every 3 days). For those days and McIntosh counts,
the link was then made to the “old” and “new” number of GOES
flares. That gives four series for which the flare rates can be
calculated: McI in this paper with GOES old and GOES new
flare counts (resp. JJ old 3d and JJ new 3d); NOAA McI with
GOES old and GOES new (resp. NOAA old 3d and NOAA
new 3d). Note that the obtained flare rates will still differ from
BL12 because (1) they included the Kindahl numbers (1969–
1976), and (2) looking only at the NOAA portion of BL12,
the NOAA data are the daily classifications for that period. It
is not possible to do the McIntosh classifications for every day
between 1988 and 1996, as aside from the excessive workload,
the Kanzelhöhe Observatory has no drawings for cloudy days,
hence a one-on-one daily equivalent from NOAA is unfeasible.

The 1988–1996 NOAA data taken from the Solar Cycle
Science webpage contain 21871 entries, of which 1880 were
immediately eliminated because they were doubles of a group
(within the same day), as discussed in Section 3.3. They were
recognizable by the suffix A, . . ., H following the NOAA group
number. Most (87%) of these removed groups had a sunspot
area of 0 or 10 MH, and the related NOAA group (without
the suffix) usually had the largest sunspot area or most complex

Figure 5. For the 22 possible combinations of “p” and “c” (last 2 components of the McIntosh classification scheme), this graph shows on the
horizontal axis the % of these groups of the total number of classified sunspot groups (22232) and on the vertical axis the % of M- and X-class
flares (2549) they produced. The full orange and dashed orange lines represent, respectively, the average and the average + 1 standard
deviation. 57% of all groups produce only 12% of all M- and X-class flares (4 “pc” types in the lower right), but 48% of all M- and X-class
flares are produced by just 8% of all groups (3 “pc” types in the upper left). More details are provided in the text.
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McIntosh classification. From the remaining 19991 classifica-
tions, 7293 had a non-existing McIntosh class. These concerned
mostly (96%) Axo, Hao, Hro, and Hso types and were subse-
quently converted to the most likely classification, e.g. Axx,
Hax, Hrx and Hsx. Also, here, the concerned groups had very
small areas. The Ckc types were the only somewhat more
complex groups with a large sunspot area, which were, after
some closer examination of the Kanzelhöhe drawings, assigned
to Dkc or Cki. This list was then combined with the GOES flare
list and the McIntosh list from this paper.

For every flare class (C, M, and X), the correlation between
the four lists with flare rates was then examined, as shown in
Figure 3. There are two ways to go from NOAA old_3d to JJ
new_3d. On the first path, one can start by checking the impact
on the flare rates from moving from the “old” to “new”
(upscaled) number of GOES flares and then the impact from
the differences in a number of McIntosh classifications from
NOAA to JJ. This is the path NOAA old_3d => NOAA
new_3d => JJ new_3d. The other path first examines the
influence on the flare rates by the changes in the number of
the McIntosh classifications from NOAA to JJ (old GOES),
followed by the impact on the flare rates from moving from
the “old” to “new” (upscaled) number of GOES flares. This is
the path NOAA old_3d => JJ old_3d => JJ new_3d.

For each of the transitions, Figure 3 provides the slope and
correlation coefficient r obtained by a linear regression forced
through the origin and with data based only on those McIntosh
classes with 10 or more classifications, i.e. leaving 35 to 43 data
points depending upon the examined flare rate lists. All regres-
sions have a p-value < 0.0001.

For the C-class flare rates, the mild increase (slope of 1.08)
is especially due to changes in the McIntosh classifications
(NOAA => JJ; 1.22–1.25), whereas the GOES flare upscaling
(old => new) actually brings the slope of the flare rate down
a bit (0.86–0.89; possible reasons outlined in Sect. 2.2). For
the M-class flare rates, the significant increase in flare rate
(1.65) is due to strong contributions from both the changes in
McIntosh classifications (1.15–1.20) as well as from the flare
upscaling (1.35–1.44). The X-class flare rates also show an
important increase (1.46), but this is mainly due to the effects
of flare upscaling (1.25–1.46). The changes in McIntosh classi-
fications have a much smaller impact (1.02–1.04).

4.4 Comparison of individual components

The graphs in Figure 4 provide the M- and X-class flare
rates (#/day) and Poisson flare probabilities (%) for each of
the 3 individual components of the McIntosh classification.
A comparison with the graphs in McI90 (his Figure 3, flare
rates) reveals that these graphs are only differing in detail. They
confirm that large and complex sunspot groups are the most
flare-active and that the McIntosh classification allows to
distinguish these regions. Sunspot groups with an intermediate
sunspot distribution or a symmetric main spot lose somewhat
in flare rate in favour of sunspot groups with a compact sunspot
distribution or an asymmetric main spot. Note that the McI90
flare rates are actually those from Kildahl (1980) as can be
calculated from the BL12 paper. Considering the period covered
(1969–1976), the flare measurements have been made by the
SOLRAD satellite and thus are a priori not susceptible to the

scaling issue as discussed in Section 2 (see also Kahler & Kre-
plin, 1991). This explains the little difference between the flare
rates for the individual Z, p, and c-components reported in this
paper and those in the McI90 paper. Only for the individual E-
and F-components, the Kildahl X-class flare rate is remarkably
higher than those reported in this paper, most likely due to the
high number of X-class flares reported in this period (141 dur-
ing the 1969–1976 period). The M- and X-class flare rates that
can be calculated for NOAA/SWPC based on the BL12 data
show an average deficit of 20 to 30% compared to those
reported in this paper. Aside from that the period covered here
being different (1988–1996), the downscaling issue (Sect. 2)
here dominates the numbers. As such, the flare rates reported
in the BL12 paper are thus based on McIntosh classifications
from 2 different observer teams and during two different peri-
ods, and on X-ray measurements taken by two different
satellites.

Similar conclusions can be drawn from a comparison of the
flare probabilities with the Gallagher et al. (2002) paper (their
Fig. 4, flare probabilities). The resemblance between the graphs
is very good, with the main difference that most numbers are
significantly higher than those from Gallagher et al. This is
particularly true for the more flare-productive McIntosh compo-
nents such as E/F, h/k, and c, where the probabilities are twice
as high. For a large part, this is due to the effect of the GOES
X-ray flux 0.7 rescaling (see Sect. 1: 50% more M- and X-class
flares), but there may also be effects from the different periods
that are considered (different overall levels of solar activity) as
well as from a difference in classifications. Indeed, Gallagher
et al. used the NOAA/USAF data for the period between
1988 and 1996 (with almost no X-class flares (“old GOES”)
from 1993 to 1995), while differences in McIntosh classifica-
tions are present between this study and NOAA/USAF, as
pointed out in Section 3 (Table 3).

The fact that large and complex sunspot groups have higher
flare rates can also be illustrated by focusing on the last two
parameters of the McIntosh classification, i.e. “p”, representing
the presence, shape and size of the penumbra of the main
sunspot, and “c”, the compactness of the sunspot distribution
inside the sunspot region. “pc” thus results in 22 possible com-
binations, for which we can compute both the portion in the
total of sunspot groups (22232) and the number of M- and
X-class flares they have produced (% of 2549 M- and X-class
flares; “new GOES”). The result is shown in Figure 5, with
the horizontal axis displaying the percentage of sunspot groups
and the vertical axis the percentage of M- and X-class flares that
they produced. The full orange lines represent the average
percentage, and the dashed orange lines represent the average
value +1 sigma. The “average +1 sigma” values for both
parameters, i.e. the portion of sunspot groups and the portion
of produced M- and X-class flares, end up being around 10%
of the respective totals.

Interestingly, only a few “pc” combinations have higher
values than this 10%. As it turns out, the four datapoints in
the lower right of Figure 5 combine to 57% of all sunspot
groups but produce only 12% of all M- and X-class flares.
These are the McIntosh classes ending in -so, -sx, -xo and
-xx, which belong to the smallest and simplest sunspot regions,
i.e. they only reached a minor extent or marked the initial
emergence and final decay stages of larger sunspot groups
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(Axx, Bxo, Hsx). On the other hand, the three datapoints in
the upper left of Figure 5 are responsible for the production
of 48% of all M- and X-class flares, yet they constitute only
8% of all sunspot groups. These are the McIntosh classes end-
ing in -ai, -kc, and -ki, representing sunspot groups with an
asymmetric main spot and a more complex (intermediate or
compact) internal sunspot distribution. The remaining 35% of
the sunspot groups (15 “pc” combinations) is responsible for
39% of the M- and X-class flare production.

Though the McIntosh classification is a great tool to forecast
flare activity, there remain large differences in the actual flare
behaviour of individual sunspot groups within the same class.
As an example, of the 104 Fkc groups in this study, there were
still 30 cases with no M- or X-class flare produced during the
subsequent 24 hours. In 7 cases, groups associated with this
McIntosh class did not produce any flare at all. Respectively,
67% and 86% of these zero-flare Fkc groups date from before
1996 (pre-SOHO/SDO era), suggesting that this is – at least
in part – related to reporting problems within the NOAA/USAF
network (bad weather conditions, etc.). Another factor may be
that some of the classifications in this study may be wrong,
or at least debatable, especially in cases close to some of the
limits that the Zpc system imposes, such as the length of the
group (e.g. 10� or 15�), or the North–South diameter of the main
spot (2.5�). These errors are thought to be minimal in this paper
due to the overall close agreement of the results to those pre-
sented in the original McIntosh paper.

4.5 Evolution of the sunspot group morphology

As mentioned earlier in Section 1, SWx forecasters facing
this flare productivity dilemma try to fine-tune their flare fore-
casts by looking at other parameters. An important parameter
to consider is the evolution of the sunspot group morphology,
as outlined by McCloskey et al. (2016, 2018). Studying the
daily evolution of the McIntosh class and linking this to the flare
productivity of the group, they concluded that sunspot groups
increasing in Zürich, penumbral, or compactness class over
24-hour timescales have systematically higher flare rates than
those showing no change in these classes. Note that the flare
rates mentioned in the McCloskey studies would have been
generally higher if the GOES rescaling effect was taken into
account, as outlined in Section 2.

Thus, in an exploratory study of our data, we linked the
McIntosh classification and flare production for a sunspot group
on a given day (day “d”) with the next, new classification and
flare production of that sunspot group, usually 3 days later
(day “d + 3”). Our preliminary results confirm the McC16
and the Lee et al. (2012) findings, namely that – within the same
McIntosh component Z, p, or c – the accumulated flare rates are
higher or lower when the sunspot region is respectively in a
developing mode (larger and/or more complex) or in a decaying
mode (smaller and/or simpler) compared to when the region
remains the same. The overall flare ratios for the �M1 flare
rates are respectively about 2.5 for positively evolving compo-
nents and 0.4 for negatively evolving components compared to
the non-evolutive rates. Though this is a reasonable result, we
elected – for this paper – to not investigate this topic any further.
The main reason is that there are about 3 days between two
consecutive classifications (Sect. 3.2, Paragraph 2). Over such
a time period, the McIntosh classification can evolve into a

much wider variety of other McIntosh classes than in the shorter
1-day interval used in McCloskey, in particular if the group is
evolving quickly. This limits the accuracy of the obtained
results and increases the uncertainties in the deduced flare
rates/probabilities in each category.

The encouraging result of our preliminary analysis suggests
taking up a specific, more detailed study, perhaps not only for a
1-day delay but allowing for a range of delays to match daily
gaps typically found in individual ground-based solar series.
This would require a more extensive, multi-station standardized
sunspot group catalogue, which can then be used in future work.
In this context, we want to mention “DigiSun”23 which is a soft-
ware developed at ROB to measure the parameters from
scanned sunspot drawings and save them in an external data-
base. One important application is the study of the evolution
of physical variables (area, tilts, heliographic position, etc.) in
the long term to constrain dynamo models and better understand
the solar cycle. Initially developed in 2011, it recently was
completely rewritten with new functionalities such as the area
measurement. One of the strengths of the software is its ability
to handle different drawing formats and hence to analyze
drawings from other collections. By sharing the software with
different observatories, the plan of the ROB/SILSO team is to
achieve a better homogenization of solar data. This would ease
the merge of the data from different collections to fill the inevi-
table data gaps at one single station and extend the collection
back to the past. A first successful international collaboration
with the Specola Observatory in Locarno was initiated in
2019, and since then it is used there to analyze the daily sunspot
drawing. The Taipei Observatory will use it to analyze its
sunspot drawings in 2023, and the Kandili Observatory will
install it to analyze their daily drawings.

5 Conclusions

Following NOAA’s recent changes in determining flare
intensity from GOES observations, the old flare intensities were
rescaled by eliminating the 0.7 downscaling factor, as recom-
mended by NOAA. This led to an increase of 55% and 52%
in the number of M-class and X-class events respectively. There
are now also 29 X10–X19 and 8 X20 or stronger events, instead
of respectively 19 and 3 previously. The events per SC based on
the rescaled flare numbers now conform much better to the
occurrence rates currently given in NOAA’s R-scale.

This paper has amply illustrated the importance of a
correctly applied McIntosh classification. For the period cover-
ing 1976–2019, 4720 Kanzelhöhe solar drawings were visually
evaluated and the McIntosh type of 22232 sunspot regions was
determined. There is a close match for all three McIntosh
components with the results reported in the original McI90
paper. Some small differences, in particular for sunspots with
a rudimentary penumbra, can easily be explained by considering
the very detailed drawings made by the Kanzelhöhe observers,
often resolving very small penumbrae.

On the other hand, rather large differences were found with
the classifications by NOAA/USAF during the period 1988–
1996. Compared to both the McI90 results and our study, the
23 The DigiSun webpage is at https://sidc.be/users/sabrinabct/
digisun/digisun.html.
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SWPC catalogue has about 12% fewer unipolar groups (A and
H), almost 20% more asymmetric penumbra groups, and about
20% more sunspot regions with an open distribution. These
deviations are thus specific to the SWPC data and in the NOAA
database and seem to be due to a systematic bias from the orig-
inal McIntosh definitions as well as some misclassifications.

Our study, as far as we know, the first to do so, provides a
list with the newly calculated flare rates (“Suppl Mat_Results
A”) and a list with flare probabilities and corresponding confi-
dence intervals (“Suppl Mat_Results B”), based on the updated
GOES flare list and the redone McIntosh classifications over the
period 1976–2019. Due to the rescaling of the GOES flare
intensities, the flare rates mentioned in BL12 are generally
lower than those derived in this paper by about 15–30%. Some-
what smaller flare rates were obtained for sunspot groups with a
rudimentary or symmetric penumbra, often associated with an
intermediate sunspot distribution. Somewhat higher values were
mainly found in McIntosh group types with an asymmetric
penumbra, often associated with a compact sunspot distribution.
The flare probabilities derived in this paper for the more flare-
productive components, such as E/F, h/k, and c, are about twice
those mentioned in the Gallagher et al. (2002) paper (their
Fig. 4), in large part because of the GOES X-ray flux rescaling.
However, the differences result also partly from the different
time periods of their source data, as well as from a difference
in classifications. By avoiding the inhomogeneity of the classi-
fications used in those earlier studies and using homogeneous
GOES fluxes scaled to the current GOES-16 daily data, our
new results thus deliver a better statistical set of flare rates
and probabilities per McIntosh class.

An examination of the respective impact from the flare
upscaling and the updated McIntosh classifications on the flare
rates revealed that both have important contributions to the
M-class flare rates. The increase in C-class flare rates is mostly
dominated by the influence of the redoing of the McIntosh clas-
sifications, whereas the increase in X-class flare rate is mostly
dominated by the effect of the flare upscaling.

The McIntosh classification is very successful in distin-
guishing flare active from flare inactive regions. This is also
clear when considering only the “p” and “c” components of
the McIntosh classification, i.e. from the analysis of the same
number of flares used in the flare rate calculations but dis-
tributed now over only 22 “pc” combinations instead of the
60 McIntosh classes. Overall, we find that 48% of all M- and
X-class flares in our study are produced by only 8% of all sun-
spot groups belonging to the McIntosh classes ending in -ai, -kc,
and -ki. For example, the -kc subclass represents only 1.5% of
the 22232 assigned McIntosh classifications, yet these groups
were the source of 26.2% of the 2549M- and X-class flares.
The -ai, -kc, and -ki subclasses correspond to sunspot groups
with an asymmetric main spot and a more complex (intermedi-
ate or compact) internal sunspot distribution. About 57% of
all classified sunspot groups produce only 12% of all M- and
X-class flares. They belong to the McIntosh classes ending in
-so, -sx, -xo and -xx, which correspond to the smallest and
simplest sunspot regions and the phases marking the emergence
and final decay of sunspot groups (Axx, Bxo, Hsx). The remain-
ing 35% of the sunspot regions (15 “pc” combinations) is
responsible for 39% of the M- and X-class flare production.
Here, it concerns mostly small, moderately complex groups

(-si, -sc, -hi, -hc, etc.) and somewhat larger, but relatively simple
regions (-ho, -ko, -hx, -kx, etc.). Though the McIntosh classifi-
cation is a great tool to forecast flare activity, there remain large
differences in the actual flare behaviour of individual sunspot
groups within the same McIntosh class. As an example, our
study found that of the 104 Fkc groups, there were still 30 cases
with no M- or X-class flare produced during the subsequent
24 hours.

In future work, it is considered to apply digitization software
such as DigiSun on large collections of sunspot drawings from
several institutes. From these results, the impact of the evolution
of the sunspot group can then be included, allowing a further
finetuning of the flare rates and a reduction in the uncertainties
in flare probability compared to the real-time McIntosh
classification for the current day. Overall, the updated and
homogenized flare rates and probabilities derived in this study
should already help in making the operational forecasts by
SWx services more accurate and reliable.
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Supplementary material

Supplementary materials of this article are available at https://www.
swsc-journal.org/10.1051/swsc/2025007/olm.

This article contains four files with supplementary data.
The first file “Supplementary Data A_GOES flares_Old and New.

xlsx” contains all 77775 flare events with the old and upscaled (new)
flare intensities, as well as comments in the header cells providing addi-
tional clarifications. The last column “Not included” (also colour-coded
in the first column) provides indications on how to get from the original
batch of 77775 flares to the 37831 flares that would eventually be
linked to the file with the McIntosh classifications. This basically means
to ignore (1) flares with no intensity mentioned or “C0” in column
“CMX old”, (2) flares with no active region mentioned as the source,
or after verification, no active region could be assigned (“Unk” in col-
umn “NOAA”), and (3) all A- and B-class flares in column “Class new
only”. These 3 subgroups have been labeled with respectively “1”, “2”
and “3” in the column “Not included”.
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The second file “Supplementary Data B_McIntosh classifications.
xlsx” contains theMcIntosh classifications for each of the 4720 “observ-
ing” days. This list contains 22232 genuine (i.e. non-zero) and 5088
“zero” (i.e. spotless days or the group in the NOAA listing had no cor-
responding group on the Kanzelhöhe drawing) McIntosh classifications.

The supplementary file “Suppl Mat_Results A_McI counts_up-
scaled(GOESNew)flarerates” tabulates for each McIntosh class the
counts, the total number of flares associated with it (C, M, and X),
the flare rate over 24 hours and the error following the methodology
outlined in BL12. The next 3 columns represent the flare rate over
24 hours for C+ flares (C1 or higher flare, so summing for C- and
M- and X-class flares), for M+ flares (M1 or higher flare, so summing
for M- and X-class flares), and for X+ flares (the same as for X flares).
The last columns are the error (BL12) and the McIntosh class again,
which were added to guide the eye.

The fourth and final supplementary file “Suppl Mat_Results
B_Flare probs_confidence intervals” tabulates for each McIntosh
class the counts, the accumulated number of C-, M- and X-class flares
(� C1, � M1, � X1), and then for each of these 3 flare categories the
Poisson flare probability and the corresponding confidence intervals
(low, high). These probabilities are used by SWx forecast centers such
as the SIDC.
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Appendix: Confidence interval for Poisson counts data:
Application to flare rate and flare probabilities

A.1 Flares follow a Poisson distribution

Let Y denote the GOES flux (in W/m2). There is a C-class flare
when aC = 10�6 � Y � bC = 10�5, an M-class flare when
aM = 10�5 � Y � bM = 10�4 and an X-class flare when Y � aX = 10�4.

We are interested in the exceedance probability, that is, the proba-
bility that during a given time interval, the Sun produces at least one
flare of class C or higher (C+), at least one M-class flare or higher
(M+), and at least one X-class flare (X+).

Flares are usually produced in active regions (AR). The greater the
complexity of the AR, the more likely it will produce flares. Let Zi be
the number of flares of class C+ that are going to occur during this time
interval in the i-th AR that is observed on the Sun, and let s be the total
number of ARs observed on the solar disc during this time interval
(i = 1, . . ., s). The total probability of having at least one C+ flare is:

P tot;Cþ ¼ 1 � P zero Cþ flareð Þ ¼ 1�
Ys

i¼1

P Zi ¼ 0ð Þ;

and similarly, we can compute Ptot,M+ and Ptot,X+. In practice, we
consider one day (24 hours) as a unit of time interval.

The complexity of an AR may be characterized by the McIntosh
classification, which separates the AR into classes using properties such
as unipolarity or bipolarity, presence of a penumbra, its size and sym-
metry, sunspot distribution between the two poles of the AR. For a
given class of McIntosh, one may assume as a first approximation that
the corresponding AR will produce flares with a constant mean rate,
independently of the time since the last observed flare was observed.
In other words, we assume that the number of flares of a given class
follows a Poisson distribution (Gallagher et al., 2002).

Let k be the mean flare rate associated with a given McIntosh class,
and let X be the number of flares that are going to occur in the forth-
coming 24 hours in an AR of this given McIntosh class. Since we
assume X � Po(k), we have:

PðX � 1Þ ¼ 1 � PðX ¼ 0Þ ¼ 1 � expð�kÞ : ðA:1Þ

If we have an estimate and Confidence Interval (CI) on k, by equation
(A.1), we immediately obtain an estimation of the probability and
Confidence Interval of having at least one flare. To get CI on k, we
need to compute the mean and variance of the estimator of k.

A.2 Mean and variance of mean flare rate estimator

Suppose we have observed during Nt days an AR of a given McIn-
tosh class, and out of these Nt days, the AR has flared n times. Let X be
the number of times an AR produces a flare when observed on a par-
ticular day (24-hour period). We assume that X follows a Poisson law
with rate k. As estimate for k, we use the empirical mean:

k̂ ¼ X̂ ¼ 1
Nt

XNt

i¼1

X i ¼ n
Nt

; ðA:2Þ

where Xi denotes the number of flares observed on day i. To
obtain a CI for k̂, we need to know the distribution of k̂. We know

that if X � Po(k), and we have Nt independent and identically
distributed variables that are all Po(k), then the distribution of
PNt

i¼1
Xi � Po Ntkð Þ, with expectation Ntk and variance Ntk. Thus, the

expectation of k̂ is equal to Ntk/Nt = k (i.e. this estimator is without
bias), and its variance is equal to:

Var k̂
� �

¼ Var
1
Nt

XNt

i¼1

X i

 !
¼ 1

N 2
t

Var
XNt

i¼1

X i

 !
¼ 1

N 2
t

N tk ¼ k
Nt

:

ðA:3Þ

Since the empirical estimate of k is n/Nt, by plug-in into equation (A.3),
we have the following estimate for the variance and standard deviation
of k̂:

V̂ar k̂
� �

¼ n
N 2

t

;

r̂ k̂
� �

¼
ffiffiffi
n

p
Nt

:

ðA:4Þ

A.3 Confidence interval

A.3.1 Gaussian approximation

Here k is not so large, but n can be large. For n � 20, we can use
the Gaussian approximation for X̂ :

X̂ � @ n=Nt;
ffiffiffi
n

p
=Nt

� �
;

with thus a 95% CI on k that takes the form of:

½n=Nt � 1:96
ffiffiffi
n

p
=Nt; n=Nt þ 1:96

ffiffiffi
n

p
=Nt�: ðA:5Þ

The corresponding CI on the probability of having at least one flare is
obtained by computing equation (A.1) for the lower and upper value of
the CI in equation (A.5).

A.3.2 Exact computation using Chi-square

When a small number of events (n < 20) are observed for a partic-
ular McIntosh class, one should use the relationship between the chi-
square and Poisson distributions (Johnson & Kotz, 1969; Stuart &
Ord, 1994) rather than the approximation with the normal
distribution.24

Let n be the number of flares observed, and v(df, a) be the X2 dis-
tribution with degree of freedom df and significance level a. We are first
looking for 95% CI interval for n, which is obtained as follows:

CI nð Þ ¼ 0:5 � q v2
2n;a2

� �
; 0:5 � q v2

2 nþ1ð Þ;1�a
2

� �h i
; ðA:6Þ

where q() denotes the quantile function, that is, the inverse of
the probability distribution function. By dividing equation (A.6) by
Nt we obtain a CI on k, and again by using equation (A.1) we
obtain the corresponding CI on the probability of having at least
one flare.

24 See also the explanation in https://onbiostatistics.blogspot.com/
2014/03/computing-confidence-interval-for.html.
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