






Figure 27. A preliminary estimate of the fractional (%) monthly solar-ozone response per 130 units of the F10.7cm flux in the CMIP6

Ozone Database
::::
ozone

:::::::
database for the period 1960-99 using the ozone mixing ratio file (vmro3_input4MIPs_ozone_CMIP_UReading-

CCMI-1-0_gr_195001-199912.nc) downloaded from inputs4MIPs. The hatching denotes regions where the solar-ozone response diag-

nosed using multiple regression analysis is found to be significantly different from zero at the 95% confidence level. Please note that the

CMIP6 Ozone Database
:::::
ozone

::::::
database

:
for the future simulations has not been released at the time of writingand readers are referred to

Hegglin et al. (2017) for further details.
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– Over the last three solar cycles in the satellite era there is a slight negative TSI trend in the CMIP6 dataset. A recent

reconstruction of the TSI, with a proper estimation of its uncertainties, suggests that this downward trend between the

solar minima of 1986 and 2009 is not statistically significant (Dudok de Wit et al., 2017). The TSI trend leads to an

estimated radiative forcing on a global scale of -0.04 W/m2, which is small in comparison with other forcings over this

period.10

– The new CMIP6 SSI dataset is the arithmetic mean of the empirical NRLSSI2
::::
/TSI2 and the semi-empirical SATIRE irra-

diance models and covers wavelengths from 10–10,000 nm. Note that the SATIRE and the NRL
:::::::::::::
NRLSSI2/TSI2 datasets

are CMIP6-adapted and not the original datasets. While SATIRE uses the annually averaged international sunspot num-

ber (v1) and applies daily variability from the SATIRE-T model, NRL
::::::::::::
NRLSSI2/TSI2

:
uses the daily group sunspot

number. This leads to different long-term trends in the pres-satellite era (see section 2.1.1).15

– The CMIP6 SSI dataset agrees very well with available satellite measurements (i.e. those which are used for building

the SOLID observational composite) in the contribution of solar cycle variability to TSI in the 120–200 nm wavelength

range. In the 200–400 nm range, which is also important for ozone photochemistry, the CMIP6 dataset shows a larger

contribution to solar cycle TSI variability than in CMIP5 (50% as compared to 35%). However, there is a lack of accurate

satellite measurements to validate variations in this spectral region. In the VIS part of the spectrum, the CMIP6 dataset20

shows smaller solar cycle variability than in CMIP5 (25% as compared to 40%). In the NIR, the CMIP6 dataset shows

slightly larger variability than in CMIP5.

The implications of the differences in the spectral characteristics of SSI between CMIP5 and CMIP6 for climatological

and solar cycle variability in atmospheric heating rates and ozone photochemistry have been tested using two state-of-the art

CCMs, EMAC and CESM1(WACCM), and a line-by-line radiative transfer model, libradtran.25

– When comparing differences in annual mean climatologies under perpetual solar minimum conditions, the CMIP6-SSI

irradiances lead to lower SW heating rates (-0.35 K/day at the stratopause), cooler stratospheric temperatures (-1.5 K in

the upper stratosphere), lower ozone abundances in the lower stratosphere (-3%), and higher ozone abundances (+1.5%)

in the upper stratosphere and lower mesosphere, as compared to the CMIP5-SSI irradiances. These radiative effects lead

to a weakening of the meridional temperature gradient between the tropics and high latitudes and hence to a statistically30

significant weakening of the stratospheric polar night jet in early winter.

– The differences in irradiances between 11-year solar cycle maximum and minimum in the CMIP6-SSI dataset result in

increases in SW heating rates (+0.2 K/day at the stratopause), temperatures (∼1 K at the stratopause), and ozone (+2.5%

in the upper stratosphere) in the tropical upper stratosphere. These direct radiative effects lead to a strengthening of the

meridional temperature gradient between the tropics and high latitudes and a statistically significant strengthening of the

stratospheric polar night jet in early winter, which propagates poleward and downward during mid-winter and affects5

tropospheric weather, with a positive Arctic Oscillation signal in late winter. This regional surface climate response

is similar and statistically significant in both CCMs. The CMIP6-SSI irradiances lead to slightly enhanced solar cycle
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signals in SW heating rates, temperatures and ozone, as compared to the CMIP5-SSI. However, the differences in the

11-year solar cycle signals between the two SSI datasets are generally not statistically significant and are smaller than

the differences in climatological conditions between CMIP6 and CMIP5 described above.10

Particle Forcing

– The reconstruction of geomagnetic Ap and Kp indices backwards in time (starting in 1850) enabled a consistent historical

dataset of geomagnetic particle forcing to be created in order to capture the atmospheric impact of precipitating auroral

and radiation belt electrons. Regarding the latter, we employed a novel precipitation model for mid-energy electrons

(MEE), based on the Ap index. Computed MEE ionization rates have been successfully tested in the (CESM1)WACCM15

model. To capture the effects of polar winter descent of EPP-generated NOx in climate models that have an upper lid in

the mesosphere (i.e., below the EPP source region), recommendations for the implementation of an odd nitrogen upper

boundary condition (UBC) are provided. The UBC has been successfully tested in the EMAC model by comparison

to observations. Inclusion of the CMIP6 recommended magnetospheric particle forcing in climate model simulations

significantly improves the agreement with observed NOx, HOx, and ozone distributions in the polar stratosphere and20

mesosphere.

– Solar proton and Galactic Cosmic Ray forcings have been built from well-established datasets that have been used in

many atmospheric model studies. However, observed proton fluxes are only available since 1963. Therefore, prior to this

date the proton forcing included in our dataset is fictitious, although it broadly captures the expected variation in overall

strength and distribution throughout the 11-year solar cycle.

– In most cases, particle forcing can be expressed in terms of ion pair production rates. We have provided detailed recom-

mendations for their implementation into atmospheric chemistry schemes.

– CMIP6 model simulations utilizing the recommended particle forcing for the historical period (1850–2014) will enable5

an assessment of the potential long-term effects of solar particles on the atmosphere and climate as planned in upcoming

coordinated WCRP/SPARC SOLARIS-HEPPA studies.

Future Forcing Scenarios

In CMIP5, future solar irradiances assumed no long-term changes in the Sun and were obtained by simply repeating solar cycle

23 into the future. In CMIP6, we include a more realistic evolution for future solar forcing based on the weighted average of10

three statistical models constrained by past long-term solar proxy data; this shows a moderate decrease to a Gleissberg-type

level of solar activity until 2100 for the reference (REF) scenario. We ignore scenarios with high levels of solar activity because

the Sun just left such an episode (called a grand solar maximum), and several studies suggest that it is very unlikely to return to

it in the next 300 years. In addition, we provide an extreme (EXT) scenario for the future that can be used for sensitivity studies,

which includes an evolution to an exceptionally low level of solar activity during the 21st century similar to that estimated for15

the Maunder Minimum.
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PI-Control Forcing

For the PI control experiment, we recommend to use one constant (solar cycle averaged) value for the TSI and SSI spectrum

representative of 1850 conditions. The average values in TSI, SSI, Ap, Kp, F10.7, as well as the ion-pair production rate by

GCRs are derived from the time period 1.1.1850 to 28.1.1873, which is two full solar cycles. For the ion-pair production rates20

by SPEs and MEEs, median values representative of background conditions are provided in order to avoid the occurrence of

large sporadic events in the PI control experiment.

We also provide a second PI control forcing time series that includes variations in solar forcing on timescales of the 11-

year solar cycle and shorter, but without any long-term trend. This time series contains some variation in 11-year solar cycle

amplitude, and also preserves the variable phase of the solar cycle, however, the mean level of solar activity is held constant.25

The PI control experiment with solar cycle variability included may better reproduce decadal scale climate variability. Ideally

CMIP6 modelling groups will run two PI control experiments: one with and one without solar cycle variability.

Solar Ozone Forcing

CMIP6 models with interactive chemistry are recommended to include a consistent prescription of the CMIP6-SSI

variations in their radiation and photolysis schemes, so that they include an internally-consistent representation of

the solar-ozone response. Climate models that do not calculate ozone interactively are recommended to use the

SPARC/CCMI Ozone Database for CMIP6(Hegglin et al., 2017), which has been constructed from existing CCM simula-

tions .
:::::::::::::::::::::::::::::::::::::::
(https://esgf-node.llnl.gov/projects/input4mips/).

:
This differs from the representation of the solar-ozone response in the5

CMIP5 Ozone Database
:::::
ozone

::::::::
database, which was based on satellite ozone measurements (Cionni et al., 2011). Multiple lin-

ear regression analysis of the CMIP6 Ozone Database
::::
ozone

::::::::
database

:
over the period 1960-99 reveals that an 11-year solar

cycle ozone response is implicitly included in the dataset and resembles previous results from CCM studies. An analysis of

the representation of particle-induced ozone anomalies in the CMIP6 Ozone Database
:::::
ozone

:::::::
database has not been performed.

Readers are referred to Hegglin et al. (2017) for further details. CMIP6 models that include both CMIP6-SSI and solar induced-10

ozone variations are expected to show a better representation of solar climate variability compared to models that exclude the

solar-ozone response.

7 Data Availability

The CMIP6 solar forcing dataset described in this paper as well as the metadata description have been published at http:

//solarisheppa.geomar.de/cmip6 and linked to the Earth System Grid Federation (ESGF) https://esgf-node.llnl.gov/projects/15

input4mips/ with version control and digital objective identifiers (DOIs) assigned. An overview of the CMIP6 Special Issue

can be found in Eyring et al. (2016).
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Appendix A: Reconstruction of the SSI in the EUV

The EUV spectrum is a complex mix of spectral lines and continua that are associated with different elements, and have each

their specific variability in time. In spite of this, there is strong observational evidence for the spectral variability in the EUV20

to have remarkably few degrees of freedom (Amblard et al., 2008). We make use of this property to reconstruct the EUV at

wavelengths shortward of 105 nm (in a range that is not covered by NRLSSI2 and SATIRE) as a function of the SSI provided

by these same models between 115.5 and 123.5 nm (i.e. including the intense Lyman-α line).

Let Φ(λ,t) denote the logarithm of the SSI in the EUV, and Φ̄(t) its value averaged between 115.5 and 123.5 nm. The

logarithm is used mainly to guarantee that the SSI, whose amplitude spans several orders of magnitude, never goes negative.

The ratio between solar-cycle amplitude and short-term variability is strongly wavelength-dependent. For that reason, the SSI

is frequently decomposed into short- and long-timescale terms, with a cutoff around 81 days (e.g. Woods et al., 2005). Let the

81-day average Φ be 〈Φ〉81. Our empirical model then reduces to

Φ(λ,t) =A(λ)〈Φ̄(t)〉81 +B(λ)
(
Φ̄(t)−〈Φ̄(t)〉81

)
+C(λ) (A1)

The model coefficients A(λ), B(λ) and C(λ) are estimated from 9 years of EUV observations by the TIMED/SEE instrument5

(Woods et al., 2005), spanning the period from February 2002 to February 2011.

This simple model matches the SOLID observational composite well within its uncertainty range. Note, however, that

TIMED/SEE data below 28 nm, and between 115–129 nm are partly modeled, and thus the variability of the EUV spectrum

prior to the space age should be considered with great care.

Appendix B: Recommendations for Model Implementation of SSI10

The SSI dataset recommended for CMIP6 covers the solar spectrum from 10 to 100,000 nm. It is provided as irradiance

averages for 3890 spectral bins (in W/(m2 nm)). Sampling and equivalently bin width range from 1 nm (UV and VIS) to 50 nm

(NIR). Tab. 4 contains more details regarding the resolution changing with wavelength.

Table 4. Sampling and bin width of CMIP6-SSI

spectral range sampling/bin width

10-750 nm 1 nm

750-5,000 nm 5 nm

5,000-10,000 nm 10 nm

10,000-100,000 nm 50 nm

Most climate models prescribe either TSI or SSI in their respective radiation schemes. If the model’s radiation code is able

to handle spectrally resolved solar irradiance changes, SSI needs be integrated over the specific wavelength bands to generate15
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Top of the Atmosphere (TOA) fluxes. Using CMIP6-SSI this is done for a given spectral band by simply summing up the irra-

diances of all (partially) contained bins, each multiplied by the bin width (subtracting potential bin parts that reach beyond the

boundaries of the target band). A sample routine for the integration can be found here: http://solarisheppa.geomar.de/cmip6.

Climate models that calculate ozone interactively also have to integrate SSI to the respective wavelength bands in their photol-

ysis code. An example of the numbers of bands in the radiation and photolysis schemes of two state-of-the-art CCMs, WACCM

and EMAC, is shown in Section 2.1.3.

Appendix C: Recommendations for Geographic Projection of IPR Data

In order to characterize the electron precipitation into the atmosphere since 1850 we must take into account the offset between

geographic and magnetic field coordinates, and how the relationship between them changes with time. We recommend the

following approach. For years 1850–1900, the gufm1 model may be used (Jackson et al., 2000). Note that this model would5

allow calculations earlier in time (1590). From 1900–2015 magnetic field conversions should use the current International

Geomagnetic Reference Field (IGRF), which at the time of writing is IGRF-12 (Thébault, 2015). It is highly likely that the

magnetic field will continue to evolve in the future, and as such we do not recommend fixing the field in any set configuration

based on a specific year. Physics-based simulations are now providing representations of future geomagnetic field changes. For

the years 2015–2115, Gauss coefficients based on the predicted evolution of the geodynamo can be used from the modeling10

of Aubert (2015). For years after 2115, secular variation values from 2115 (also from the Aubert (2015) model) are used to

extrapolate forward in time, though obviously with increasing uncertainty. Matlab modeling code implementing the above

recommendations is available on the SOLARIS-HEPPA CMIP6 website, which allows users to calculate the geomagnetic

latitude for any given date, geographic location and altitude for the period 1590 onwards.

Appendix D: NOx Production by Particle-Induced Ionization15

Following Porter et al. (1976) it is assumed that 1.25 N atoms are produced per ion pair. This study also further divided the

proton impact of N atom production between the ground state N(4S) ( 45% or 0.55 per ion pair) and the excited state N(2D)

( 55% or 0.7 per ion pair). Ground state [N(4S)] nitrogen atoms can create other NOy constituents, such as NO, through

N(4S) +O2→NO+O, (DR1)

N(4S) +O2→NO+O2 (DR2)

or can lead to NOy destruction through

N(4S) +NO→N2 +O. (DR3)5
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Generally, excited states of atomic nitrogen, such as N(2D) , result in the production of NO through

N(2D) +O2→NO+O (DR4)

(e.g., Rusch et al., 1981; Rees, 1989) and do not cause significant destruction of NOy. If a model does not include the excited

state of atomic nitrogen in their computations, the NOy production from EPP can still be included by assuming that its pro-

duction is instantaneously converted into NO, resulting in a N(4S) production of 0.55 per ion pair and a NO production of 0.710

per ion pair.

Appendix E: HOx Production by Particle-Induced Ionization

The production of HOx relies on complicated ion chemistry that takes place after the initial formation of ion pairs (Swider

and Keneshea, 1973; Frederick, 1976; Solomon et al., 1981; Sinnhuber et al., 2012). Solomon et al. (1981) computed HOx

production rates as a function of altitude and ion pair production rate. Each ion pair typically results in the production of around15

two HOx constituents in the stratosphere and lower mesosphere. Sinnhuber et al. (2012) have shown that HOx is formed as H

and OH in nearly equal amounts, with small differences of less than 10% due to different ion reaction chains. In the middle

and upper mesosphere, one ion pair is computed to produce less than two HOx constituents per ion pair because water vapor

decreases sharply with altitude there, and is no longer available as a source of HOx. For models which do not include D-region

ion chemistry, we recommend to use the parameterisation of Solomon et al. (1981), which is summarized following Jackman20

et al. (2005b) in Table 5. If the partitioning between HOx species is considered in the model, H and OH should be formed

in equal amounts. Below 40 km altitude and for ionization rates less than 102cm−3s−1 below 70 km altitude, two HOx can

be formed per ion pair. Above 90 km altitude, HOx-production can be set to zero; between 70 and 90 km, values need to be

extrapolated for ion pair production rates smaller than 102cm−3s−1 and larger than 104cm−3s−1, taking care not to exceed

zero and two.5

Appendix F: Minor Constituent Changes due to Particle-Induced Ionization

If available, the use of more comprehensive parameterizations for productions of individual HOx (OH and H) and NOy (N(4S),

N(2D), NO, NO2, NO3, N2O5, HNO2, and HNO3) compounds (e.g., Verronen and Lehmann, 2013; Nieder et al., 2014) is

encouraged. Similarly, if atmospheric models include detailed cluster ion chemistry of the lower ionosphere (D region), then

the ionization rates should be used to drive the production rates of the primary ions (N+
2 , N+, O+

2 , O+) and neutrals (N, O)10

produced in particle impact ionization/dissociation (Sinnhuber et al., 2012). Since such a comprehensive treatment of EPP

effects on minor species may introduce more sensitive composition changes via chemical feedbacks, it would be important to

document the adopted approaches.
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Table 5. HOx production per ion pair as a function of altitude and ion pair production rate (IPR). Table adapted from Jackman et al. (2005b).

Altitude [km] HOx production per ion pair (no units)

IPR [cm−3s−1]

102 103 104

40 2.00 2.00 1.99

45 2.00 1.99 1.99

50 1.99 1.99 1.98

55 1.99 1.98 1.97

60 1.98 1.97 1.94

65 1.98 1.94 1.87

70 1.94 1.87 1.77

75 1.84 1.73 1.60

80 1.40 1.20 0.95

85 0.15 0.10 0.00

90 0.00 0.00 0.00
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Appendix G: Projection of Historical Solar Cycles in Future Scenarios

Table 6. Historical solar cycles used for construction of future cycles (starting on 2015-01-01).

Current Historic Start Start

cycle cycle current cycle hist. cycle

nb. nb. yyyy-mm-dd yyyy-mm-dd

24 12 2015-01-01 1883-02-01

25 13 2020-02-02 1890-01-28

26 14 2031-12-18 1901-12-14

27 15 2043-06-19 1913-06-15

28 12 2053-09-10 1878-12-13

29 13 2064-10-26 1890-01-28

30 14 2076-09-10 1901-12-14

31 15 2088-03-12 1913-06-15

32 16 2098-06-04 1923-09-07

33 17 2108-07-05 1933-10-07

34 18 2118-11-21 1944-02-23

35 19 2129-01-16 1954-04-20

36 20 2139-07-02 1964-10-03

37 21 2150-12-04 1976-03-07

38 22 2161-04-21 1986-07-24

39 23 2171-05-21 1996-08-22

40 24 2183-08-19 2008-11-20

12 2189-11-07 1883-02-01

41 13 2194-10-31 1890-01-28

42 14 2206-09-16 1901-12-14

43 15 2218-03-18 1913-06-15

44 12 2228-06-09 1878-12-13

45 13 2239-07-26 1890-01-28

46 14 2251-06-10 1901-12-14

47 15 2262-12-10 1913-06-15

48 16 2273-03-03 1923-09-07

49 17 2283-04-03 1933-10-07

50 18 2293-08-19 1944-02-23

65



150 - 151 nm

1850 1890 1930 1970 2010

8.00•10
-5

8.50•10
-5

9.00•10
-5

9.50•10
-5

1.00•10
-4

1.05•10
-4

W
 m

-2

1850 1890 1930 1970 2010

8.00•10
-5

8.50•10
-5

9.00•10
-5

9.50•10
-5

1.00•10
-4

1.05•10
-4

W
 m

-2

300 - 301 nm

1850 1890 1930 1970 2010

0.462

0.464

0.466

0.468

0.470

0.472

0.474

0.476

 

1850 1890 1930 1970 2010

0.462

0.464

0.466

0.468

0.470

0.472

0.474

0.476

 

550 - 551 nm

1850 1890 1930 1970 2010

1.870

1.872

1.874

1.876

1.878

1.880

1.882

 

1850 1890 1930 1970 2010

1.870

1.872

1.874

1.876

1.878

1.880

1.882

 

852 - 853 nm

1850 1890 1930 1970 2010

0.940

0.941

0.942

0.943

0.944

0.945

 

1850 1890 1930 1970 2010

0.940

0.941

0.942

0.943

0.944

0.945

 

Figure 28. Decomposition of SSI in the scaling procedure (shown for wavelength bins centered at 150.5, 300.5, 550.5, and 852.5 nm, from

left to right). Upper panels: daily (grey) and annually (black) resolved SSI. Lower panels: Individual components after decomposition: back-

ground SSIbg (black solid); facular brightening related SSI+ annual, A+, (dark-blue) and sub-annual, D+, (light-blue); sunspot darkening

related SSI− annual, A−, (dark-red) and sub-annual, D−, (light-red).

Appendix H: Scaling of SSI in Future Scenarios and Variable PI-Control Forcing15

SSI variability is closely linked to solar magnetic activity variations, and hence sunspot number. However, the form of this

relationship may differ significantly at different wavelengths, and time scales (i.e., decadal, annual, sub-annual). Indeed, the

contribution to the SSI from different solar features such as faculae, sunspots, the network and ephemeral regions, show

different temporal responses (e.g. Vieira and Solanki, 2010). As a consequence, a simple, wavelength-independent scaling of

historic SSI sequences for projection into the future or for the generation of the variable PI control forcing would lead to20

unrealistic results

Instead, we first decompose the SSI time series at individual wavelength bins λ into components corresponding to the

background variability SSIbg(λ) (i.e., long-term variations of the SSI at solar minima), to facular brightening-related variability

SSI+(λ), and to sunspot darkening related variability SSI−(λ). The latter two components are further decomposed into annual

(A+ and A−) and sub-annual (D+ and D−) contributions (see Fig. 28).25

For the projection of past solar cycles into the future only the D+ and D−components need to be scaled since the annually

resolved SSI is already provided by the SSI models. These components are shown in Fig. 29 for selected wavelength bins.

The distributions of D+ values within a given solar cycle are rather symmetric around zero and show a close to normal dis-

tribution. Variability differences between solar cycles are therefore well represented by the corresponding standard deviations

SD(D+)SC of individual cycles. This quantity also shows good correlation with <SSN> and we therefore use it to construct30

time-resolved scaling functions. The distributions of D− values are largely skewed towards negative values and do not exhibit

the characteristics of a normal distribution. This behavior is expected because of the more intermittent response of SSI to
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Figure 29. D+ (top, light blue) and D− (bottom, light red) components of SSI at wavelength bins centered at 150.5, 300.5, 550.5, and

852.5 nm (from left to right). The corresponding scaling functions SD(D+) (top) and MAD(D−) (bottom), multiplied by 3.5 and -3 in the

case of SD(D+) (5 and -15 in the case of MAD(D−)) are shown by black solid lines.

sunspot darkening, as compared to facular brightening. Variability differences between solar cycles are therefore best repre-

sented by the corresponding median absolute deviations MAD(D−)SC , which are therefore used to construct the time-resolved

scaling functions for the D− components.35

The coefficients for the scaling of SSI variability with <SSN> have been obtained from linear regression fits of SD(D+)SC

and MAD(D−)SC to <SSN> for each individual wavelength bin (see Fig. 30). In all fits, a nonzero offset is obtained, with

particularly large values in the case of MAD(D−)SC . Sub-annual SSI variations are expected to be very low in the absence of

sunspots, with variations mainly coming from the solar network (Bolduc et al., 2014). For that reason, we apply a non-linear

correction in the scaling for low <SSN> values in order to obtain realistic results for solar cycles with very low activity in the

EXT scenario. This has been achieved by multiplying a <SSN>-dependent exponential correction f to the obtained offsets:

f =
1− exp(−0.1<SSN>)

1 + exp(−0.1<SSN>)
(H1)

For the construction of the variable PI control forcing, annual and sub-annual SSI components are scaled individually to a

constant solar cycle mean activity level at each wavelength bin. The scaling has been performed for the D+ and D− components

based on SD(D+) and MAD(D−), respectively, as in the future scenario construction. For A+ and A−, we use the corresponding

solar cycle averages to construct time-resolved scaling functions. The background contributions SSIbg were set to constant5

values. The same procedure was also applied to the F10.7 radio flux.
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Figure 30. Regression of SD(D+)SC (top, blue symbols) and MAD(D−)SC (bottom, red symbols) to <SSN> at wavelength bins centered at

150.5, 300.5, 550.5, and 852.5 nm (from left to right). The resulting linear fit is shown by dashed black lines, the grey shaded areas reflect

the RMS errors. The solid black lines show the functional dependence used in the scaling after application of a non-linear correction for low

<SSN> values. MAD(D−) values calculated from the low activity part of the solar cycles provide an estimate for very weak solar cycles and

are shown with orange symbols (only lower panels).
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Figure 31. Decomposition of the reconstructed Ap index in the scaling procedure. Light blue: daily resolved Ap; black: background compo-

nent Apbg; solid dark blue: annual component Apa; dashed dark blue: scaling function SD(Apa), multiplied by 1 and -1, used to scale the

annual component.

Appendix I: Scaling of Geomagnetic Indices in Future Scenarios and Variable PI-Control Forcing

The geomagnetic activity level is strongly linked to solar activity by the solar wind – magnetosphere interaction. The rela-

tionship of geomagnetic activity (and hence geomagnetic indices) and SSN depends strongly on the considered time scales.
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Figure 32. Regression of Apbg (red symbols, left) and SD(Apa)SC (red symbols, right) to <SSI>. The resulting linear fit is shown by black

lines, the grey shaded areas reflect the RMS errors.

Therefore, we decompose the Ap index in components corresponding to different time scales in order to scale them individu-10

ally for projection of historic Ap sequences into the future or for the generation of the variable PI control forcing (see Fig. 31).

The magnitude of sub-annual Ap variations is large and ruled by the mid-term geomagnetic activity level. Since there is strong

evidence for Ap to be described by a multiplicative process (Watkins et al., 2005), we decompose Ap as follows:

Ap(t) =
(

Apbg(t) + Apa(t)
)
D(t), (I1)

where Apbg is the background component obtained from the Ap solar cycle averages, Apa the annually averaged component,15

and D a multiplicative daily component, the latter characterized by a nearly constant magnitude of variability on decadal to

secular time scales. The Apa variability shows only a weak dependence on the long-term geomagnetic activity level. We use

its standard deviation from individual solar cycles for construction of a time-dependent scaling function SD(Apa).

For the projection of past solar cycles into the future, the components Apbg and Apa need to be scaled in relation to <SSN>.

Linear regression fits of Apbg and SD(Apa) to <SSN> are shown in Fig. 32. The correlation of Apbg and <SSN> is very tight20

with a correlation coefficient of 0.94. As expected, this is not the case for SD(Apa). The pronounced offsets of the regression

fits at <SSN>=0 suggest residual geomagnetic activity for very low solar activity (i.e., Maunder Minimum) conditions in

agreement with previous studies (e.g., Cliver et al., 1998).

For the construction of the variable PI control forcing, the Ap index is scaled to 1850–1873 average conditions. The scaling

has been performed for the Apa component on basis of SD(Apa). The background contributions Apbg was set to a constant25

value corresponding to the 1850–1873 average.

In both future scenario and variable PI control forcing constructions, Ap has been converted into Kp using a statistical

correction to account for biases related to the conversion from hourly to daily indices as described in Sec. 2.2.1.
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