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Abstract

HelMod model allows one to describe how solar modulation affects the propagation of galactic cosmic rays (GCR) through the heliosphere
with an accuracy of the level of actual experimental uncertainties. The GCRs mainly constitute the high energy population of the so-called
space radiation environment. The model treats the physical processes involved in solar modulation, like diffusion, particle drift, convection and
adiabatic energy losses, and it embeds a description of both the inner and outer heliosphere. To obtain the modulated intensities, the model
requires the knowledge of a few time-dependent heliospheric quantities, i.e., sunspot number, tilt angle of the neutral current sheet, solar wind
speed and density, and interplanetary magnetic field. Using historical records, we present a template-based procedure that allows one to predict
the heliospheric parameters for coming years, and, in turn, the forecasted modulated spectra. The forecasting templates reconstruct the typical
time variation along with solar cycles and may be tuned to the current solar cycle. We estimate that the uncertainty of the forecasted cosmic rays
intensity is below 5% (±10% at 68% C.L.) on average for short time predictions (up to 4 years), and below 15% (±(20 − 25)% at 68% C.L.) for
long time predictions (up to 11 years).
© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction

The interplanetary space is permeated by charged galactic
cosmic rays (GCR) accelerated into the interstellar medium by,
e.g., the explosions of supernovae (Baade & Zwicky, 1934;
Koyama et al., 1995). The energy of a GCR particle is high
enough to allow it to easily penetrate the thin shielding of most
spacecraft. Thus, GCRs represent a potential radiation hazard
for both electronic and biological materials in space (see, e.g.,
Durante & Cucinotta, 2008; Samwel & Hady, 2009; Gonzalez-
Velo et al., 2017) and it is believed to be one of the major causes
of spacecraft failures (Samwel et al., 2019). At Earth orbit, i.e.,
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inside the region influenced by Sun-related processes, the GCR
intensity shows a time variation related to solar activity (see,
e.g., Potgieter, 2013, and reference therein). Samwel et al.
(2019) demonstrated that Single Event Effect (SEE) on elec-
tronics in space has a larger occurrence during maximum solar
activity than during minimum solar activity. Although, in gen-
eral, the use of shielding material of at least 1.5mm of Al can
reduce the radiation effects to acceptable levels, for both maxi-
mum and minimum solar activity for missions of moderate (∼3
years) duration (Samwel et al., 2019), the knowledge of space
radiation environment is required to make a proper estimation
of expected radiation damage experienced by satellites both at
Earth and deep space orbits (ECSS, 2008).

The model describing particle propagation in the heliosphere
was originally developed by Parker (1965): when GCRs en-
counter the heliosphere, they undergo additional propagation
processes due to the interaction with the expanding solar wind
and the solar magnetic field embedded in (Parker, 1965; Glee-
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son & Axford, 1967; Jokipii & Parker, 1970; Jokipii, 1971;
Fisk, 1971; Jokipii et al., 1977). The result is a global reduc-
tion of the differential intensity that is time and rigidity depen-
dent. This is known as solar modulation as it appears as an
inverse relationship between GCR intensities and solar activity
through its well known 22-years cycle. A combination of new-
generation space detectors (Martucci et al., 2018; Aguilar et al.,
2018) and deep-space probes exploring the heliosphere (see,
e.g., Simpson et al., 1992; Simpson, 1996; Heber et al., 1997;
Stone et al., 2005; Webber & McDonald, 2013; Stone et al.,
2013, 2019) shed a new light on this field (Fiandrini et al.,
2021), leading to the development of more accurate models for
the space radiation environment.

In this work, we present the forecasting tool of the HelMod1

model (summarized in Sect. 2) which is currently capable to
reproduce the observed modulated spectra since solar cycle
22 (Bobik et al., 2012; Della Torre et al., 2012; Boschini et al.,
2017b, 2018b,c,a, 2019, 2020a,b, 2021a,b) with and accuracy
of the level of actual experimental uncertainties (i.e. few per-
cent for AMS-02 integrated spectra). In Sect. 3 we present the
details of our template approach for forecasting heliospheric
parameters using historical values. Finally, the accuracy of this
method on forecasting GCR fluence was discussed in Sect. 4
with particular attention to assessing the use of the numerical
model to evaluate the space radiation environment for missions
of moderate (∼3 years) duration.

2. The HelMod model: Heliospheric Propagation of Cos-
mic Rays

HelMod is a Monte Carlo code that solves the particle trans-
port equation through the heliosphere (Boschini et al., 2018a,
2019, and reference there in). The model, based on the Parker
Equation (Parker, 1965), describes the cosmic ray fluence mea-
sured at Earth orbit as a complex combination of diffusion on
magnetic irregularities, adiabatic energy losses/gains due to the
propagation in the expanding magnetic fields, effective convec-
tion resulting from the solar wind convection, and magnetic
drift effects due to large scale magnetic structures in the he-
liosphere. These effects are related to the level of solar activity
intensity, the solar magnetic field polarity, and are energy- and
charge-sign-dependent. HelMod numerically solves a set of
stochastic differential equations that are mathematically equiv-
alent to Parker Equation. The code applies a Monte Carlo
backwards-in-time approach as described in Bobik et al. (2016).
The result of the simulation is a transformation matrix that once
applied to the GCR spectra outside the heliosphere (Local In-
terstellar Spectra – LIS) produces the modulated spectra. LISs
were derived through an iterative procedure in the so-called
GALPROP-HelMod framework (Boschini et al., 2017b) that
allowed to derive the LISs for particles with the atomic num-
ber Z ≤ 28 from AMS-02 (Aguilar et al., 2021) and Voy-
agers (Cummings et al., 2016) observations (Boschini et al.,

1Results presented in this article are also available through online calcula-
tors at http://www.helmod.org

2017b, 2018b,c, 2020a,b, 2021b). Nowadays, the model is ca-
pable to reproduce the observed modulated spectra since so-
lar cycle 22 (Bobik et al., 2012; Della Torre et al., 2012; Bos-
chini et al., 2017b, 2018b,c,a, 2019, 2020a,b, 2021a,b). The
HelMod accuracy is typically at the level of experimental un-
certainties and it varies with time reflecting the uncertainties
related to time-dependent and local heliospheric effects. For
protons, the model accuracy may be guessed by inspecting,
for instance, Figures 7 and 8 in Boschini et al. (2019) where
the HelMod version 4 modulated spectra were compared with
the modulated spectra observed by AMS-02 in the first three
years of data taking and with observations from EPHIN, BESS,
PAMELA and AMS-02 at 2GV. In the present model, the he-
liosphere is described as a sphere with a small compression in
the so-called nose direction, defined by the relative motion of
the Sun in the local bubble due to galactic rotation, and with
a dimension that change with time as described in Boschini
et al. (2019). The inner heliosphere2 is then divided into 15
subregions, with different parameters, accounting for the time
needed by the solar wind to propagate from the Sun. The model
depends on several parameters that can be directly observed
through in-situ or solar observations, the remaining free param-
eters were tuned using proton cosmic rays observations during
the last two solar cycles as measured by particle detectors at
Earth orbit and in deep space (Boschini et al., 2018a, 2019).
The parameters inferred by observational measurements are re-
lated to the major heliospheric quantities, i.e., daily count and
monthly smoothed sunspot number (SN), Tilt Angle of Neu-
tral Current Sheet (TAL, Hoeksema, 1995), Solar Wind speed
(SWS, in km/s), Solar Wind Proton Density (SWD, in N/cm3),
and Interplanetary magnetic field Magnitude (IMF, in nT). In
Fig. 1 the heliospheric parameters used in HelMod are reported
as a function of time. The daily value of SN, SWS, SWD, and
IMF are extracted from NASA/GSFC’s OMNI dataset (King
& Papitashvili, 2005) through OMNIWeb3. The average val-
ues along Carrington Rotations of the TAL are extracted by
Wilcox Solar Observatory4. Finally, the monthly smoothed
sunspot number is extracted by the World Data Center SILSO,
Royal Observatory of Belgium, Brussels5. From an inspection
of Fig. 1 it is possible to note how many of these parameters
show a cyclic behaviour with the same periodicity of the Solar
Cycle. A closed look highlights the presence of regular struc-
tures even at short time scales that can be neglected, i.e., aver-
aged, when considering studies for moderate duration missions.

3. Forecasting heliospheric parameters

The modulated GCR intensity is directly predicted employ-
ing the heliospheric parameters described in Sect. 2. Thus, the
forecasting tool of the HelMod model is based on forecasting
heliospheric parameters. The forecast algorithm proposed in

2the space region bounded by the termination shock where the solar wind
flows supersonically.

3https://omniweb.gsfc.nasa.gov/
4http://wso.stanford.edu/Tilts.html
5http://sidc.be/silso/home
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Fig. 1. The heliospheric parameters used by HelMod and reported as a function
of time.

this work was derived by the one described in Owens et al.
(2011) (see also, Boschini et al., 2017a). In that article, the
authors derived an average solar activity to estimate the most
likely value of Sunspot Number, IMF and GCR intensity at the
solar maximum as well the long-term solar variations. In addi-
tion, they compared their predicted values with those observed
during Solar Cycle 24. In the present approach, the Owens et al.
(2011) algorithm is revisited a) to include the data of Solar Cy-
cle 24 and b) to study the secular-periodicity solar variation.
The Forecasting Template for SN, IMF, SWS, TAL and SWD
was evaluated using historical values since Solar Cycle 20 (So-
lar Cycle 11 for SN) combining values to provide a typical time
evolution from one solar minimum to the next one. It has to
be noted that, as stated in Owens et al. (2011), the choice to
use the minimum value of SN to tag the start/end time of Solar
Cycles leads to some ambiguity. For this reason, the average
solar latitude of the sunspots (θs) can be better used to mark the
beginning of the cycle. θs along with Monthly Smoothed SN
and TAL values are shown in Fig. 2 since Solar Cycle 21. The
latitudinal positions of Sunspots were extracted from the daily

Fig. 2. Solar parameters over the last 4 Solar Cycles. The blue line shows
the monthly smoothed SN, the black line is the average sunspot latitude scaled
up by a factor of 5, the red line shows TAL values times a scaling factor of 2.
Scaling factors are chosen to ensure a qualitative visual comparison. In general,
the Solar Cycle variations of these parameters are quite similar, particularly
during the rising phase, despite the marked difference in the magnitudes of
monthly smoothed SN. We mark the start-time of a new cycle with vertical
dashed lines.

Fig. 3. Length of Solar Cycle according to Tab. 1. The dashed horizontal line
represents the average solar cycle length.

Solar Region Summary (SRS) compiled by SWPC6 and from
USAF/NOAA Sunspot Data database7. From an inspection of
Fig. 2, one can note that, before the solar minima, sunspots
mainly lie on the solar equator (i.e., the lowest value of θs). Af-
ter solar minima, i.e., when TAL and SN start to increase, high
latitude sunspot pairs appear, replacing equatorial sunspot pairs.
Thus, the Solar Cycle starting-time can be defined as when θs

sharply increases from ∼10◦ to ∼25◦ (Owens et al., 2011). The
computed solar cycle starting epoch are reported in Fig. 2 and
Tab. 1, while the length, in years, of each Solar Cycle, and the
computed average value, are reported in Fig. 3. These are in
agreement with those calculated by Owens et al. (2011) within
1-2 months.

To evaluate Forecasting Templates, historical values of SN,
IMF, SWS, TAL and SWD were folded cycle by cycle. The
time/phase of each cycle was set to the initial value of 0 and the
final value of π. As one can note from Fig. 1, each solar cycle
presents different maximum (and minimum) values, to allow
for a comparison among the solar cycles, to focus the atten-

6The SRS contains a detailed description of the active regions visible, for
the specific day, on the solar disk. All SRS reports of the active solar regions
observed during the preceding day, beginning in 1996, are online in the SWPC
Warehouse at ftp://ftp.swpc.noaa.gov/pub/warehouse .

7The sunspot database inherit the Royal Greenwich Observatory observa-
tions from 1874 to 1976, and extend them up to 2016. The database is available
as ascii files at https://solarscience.msfc.nasa.gov/greenwch.shtml .
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Table 1. The epoch of starting-time of Solar Cycles 12–25. Starting-time is
defined using the sharp increase in average sunspot latitude (see the text). The
table reports also the Scaling factors to yield the average value of SN, IMF,
SWS, and SWD template to reproduce the solar cycle conditions (see the text).

Scaling Factors
Cycle Start Year SN SWS IMF SWD

12 1879.22 0.70 – – –
13 1889.25 0.78 – – –
14 1901.66 0.64 – – –
15 1913.30 0.86 – – –
16 1923.61 0.78 – – –
17 1934.13 1.15 – – –
18 1943.95 1.27 – – –
19 1954.27 1.62 – – –
20 1964.38 0.95 – 1.01 0.96
21 1976.42 1.36 1.00 0.99 1.15
22 1987.02 1.25 0.93 1.01 1.19
23 1997.12 1.01 1.03 0.99 0.89
24 2009.09 0.61 1.02 0.98 0.86
25 2019.86 – – – –

tion on the relative variations from minimum to maximum (and
vice-versa), we evaluate the heliospheric quantity mean values
for each solar cycle and use this value as normalization fac-
tor: all heliospheric quantities, except TAL, were scaled to have
the same mean value. Hereafter the numerical factors used for
such kind of normalization are referred to as scaling factors. By
construction, TAL cannot exceed ∼ 75◦ that is reached during
solar maxima, therefore, it does not need a scaling procedure
that equalizes all cycles for the comparison. The applied scal-
ing procedure allows us to visualize how each solar parameter
evolves along the solar cycle as reported in Figs. 4 and 5-left.
It is also evident how all solar cycles show similar behaviour.
In Fig. 4, we show TAL evolution along the solar cycle for the
several analyzed cycles, together with its average value (black
continuous line) and the analytical interpolation (blue dashed
line). Such an analytical interpolation is then defined as the
smooth Forecasting Template. To assess the uncertainties of
Forecasting Templates (blue-shaded area in Fig. 4) we consider
the standard deviation of residual between analytical interpola-
tion and average value (in case of SN we directly evaluate the
standard deviation from historical values).

SWS, SN, IMF, and SWD Forecasting Templates were re-
ported in Fig. 5-left. By construction, the SN template has
a smooth shape along the cycle, thus can be directly used for
forecast purposes, without the need for analytical interpolation.
SWS, IMF and SWD templates, on the other hand, presents fine
structures that are due to short- to medium-term transients that
can be ignored for the purpose of long-term forecasting, hence
the fit to smooth them out. Therefore, they are fitted (blue-
dashed line) using a cyclic shape which is defined solely by the
cycle phase (x) and can be described by the general form:

T (x) = q0 sin(q1x + q2)q3 + q4 (1)

with parameters qi reported in Tab. 2. For TAL we used the an-
alytical expression proposed by Cliver & Ling (2001); Alanko-

Fig. 4. TAL rescaled to set the initial value to 0 and final value to π (grey
lines). The blue-dashed, TAL template, is the analytical interpolation of the
mean value for each solar cycle phase, while the blue-shaded area represents its
standard deviation.

Huotari et al. (2006):

T AL(x) = s(N) ·


p0 + g

(
x
π

)p2
, if x <= p4π

f , if p4 ≤
x
π
≤ p5

p0 + p1

[
1 −

(
x
π

)]p3
, if x > p5π

(2)

where p4 < p5, f = p0 + p1(1 − p5)p3 , and g =
f−p0

pp2
4

to ensure
continuity of the function. Parameters pi are reported in Tab. 2.

The template scaling factors are then computed again to re-
produce amplitudes in each solar cycle as reported in Tab. 1 and,
with red points, in Fig. 5-right. Due to the availability of long
term historical parameters on SN, one can note in Fig. 5-right
the presence of a secular cycle that is now facing its minimum
following the behaviour of the so-called Gleissberg cycle (see,
e.g., Hathaway, 2015; Usoskin, 2017). It should be noted that
this assumption limited the forecasting to near-future only, this
because it’s known that the periodical variation fails to repro-
duce the past Dalton and Maunder minima, so it’s reasonable to
expect similar failures in future solar cycles. From Fig. 5 it is
also evident that cycle 20 cannot be described by the smooth
secular variation. This is probably due to peculiar phenom-
ena that should be treated separately and do not represent the
general long time periodicity. This long-term variation in SN
scaling factor was fitted with a sinusoidal curve in the form:

s(N) = a sin(bN + c) + d (3)

where N is the solar cycle number and a, b, c and d values are
reported in Tab. 3.

SWS does not show any secular variation, thus we consider a
mean value as a reference for forecasting. IMF and SWD, oth-
erwise, show a decreasing time variation that is loosely corre-
lated with the trend observed for the same period in SN scaling
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Table 2. Computed parameters for Eqs. (1) and (2) with the corresponding uncertainties.
q0 q1 q2 q3 q4

SWS 18. ± 3. 1. 0. 1. 383. ± 2.
IMF 2.2 ± 0.1 1. 0. 2. 5.17 ± 0.05
SWD 1.01 ± 0.08 2. 7.70 ± 0.05 1. -3.63 ± 0.08

p0 p1 p2 p3 p4 p5

TAL 17. ± 1. 87. ± 3. 2.5 ± 0.2 1.21 ± 0.07 0.201 ± 0.003 0.355 ± 0.001

Table 3. Secular variation parameters described in Eq. (3) with the corresponding uncertainties. Since SWS does not exhibit a secular variation, Eq. (3) reduces to a
constant value s(N) = d

a b c d
SN 0.49 ± 0.06 0.55 ± 0.02 9.5 ± 0.04 1.04 ± 0.04
SWS – – – 0.992 ± 0.008
IMF 0.20 ± 0.04 0.55 9.5 1.02 ± 0.03
SWD 0.28 ± 0.07 0.55 9.5 1.01 ± 0.04

Fig. 5. Left: from top to bottom, VSW, SN, IMF, and SWD values were rescaled
to set the initial value to 0 and final value to π and normalized to the same mean
value (grey lines). The black solid line indicates the mean value for each solar
cycle phase, while the blue-shaded area represents the standard deviation. The
forecasting template is reported with a blue-dashed line. Right: Scaling factor
for forecasting templates (red points) compared with secular variation (blue
solid line) computed from Eq. (3), while the blue-shaded area represents 1-σ fit
uncertainties; SWS does not exhibit any secular variation.

factor. Supposing a possible physical correlation between these
parameters, it is reasonable to assume that also a secular vari-
ation of scaling factor should have the same period and phase.
Thus, in Tab. 3 when evaluating Eq. (3) for IMF and SWD, we
fixed period and phase parameters to be the same of SN solution
while amplitude (a) and constant term (d) are obtained from the
fit.

3.1. Forecasting procedure

Forecasting templates provide the typical shape of helio-
spheric parameter evolution through a solar cycle. Each tem-
plate depends on two forecasting parameters: the length of the
solar cycle and the scaling factor (except TAL that in this work
depends on solar cycle length only). Here we describe the pro-
cedure to evaluate the forecasting parameters for each template
using a data-driven approach fitting the fraction of the current
solar cycle already available. The procedure to forecast a not-
yet-started solar cycle is more complex and described later in
the text. Even if we have a procedure to estimate the average
cycle length and the secular scaling factor through different so-
lar cycles, to get a more precise forecast we need to consider
each solar cycle independently. This procedure can be applied
from the actual date to the following solar minimum. We iden-
tify three cases based on the fraction of the current solar cycle
already available:

a) less than 3 years. This boundary is the minimum rising
phase length. The solar cycle is in its early stage and pecu-
liar features are not yet evident. The template is evaluated
using input from the average solar cycle length as well the
scaling factor predicted from secular variation described
by Eq. (3).

b) Between 3 and 6 years. The two boundaries are the mini-
mum and the maximum length of the rising phase. During
this period the solar cycle reaches its maximum and begins
the descending phase. This implies that a fitting procedure
on available data from the previous solar minimum can be
performed, but the results must be compared with those



6 M. J. Boschini etal / Advances in Space Research xx (2022) xxx-xxx

Fig. 6. Predicted heliospheric parameters for 25 years (blue solid line) together
with the historical values from the last two solar cycles (grey line). The blue-
shaded area is the sum in quadrature of forecasting template and secular varia-
tion uncertainties in Fig 5.

predicted by secular variation Eq. (3). We choose as ac-
ceptance criterion that the two values agree within 2.58σ
that is equivalent to a confidence level of 99%. In case of
criterion is not met, the procedure described in case (a) is
applied.

c) More than 6 years. The solar cycle is facing the descend-
ing phase. Unless anomalous (unpredictable) features, like
a shorter or longer duration of the cycle in comparison
with the average, the overall shape of the solar cycle can be
evaluated by fitting the available data with the forecasting
template.

We evaluate solar cycle length and the scaling factor separately.
To evaluate solar cycle length we used TAL and SN. The first
template depends only on solar cycle length, while for SN cycle
length and scaling factor should be fitted at the same time, but
only the first parameter is considered at this stage. The solar
cycle lengths obtained from the two fits are averaged using the
error from the fit as weight and is assumed as a fixed parameter
while evaluating the scaling factor for SWS, IMF, and SWD.

On the other hand, as described above, parameters of a new
solar cycle, following the minimum at the end of the current
cycle, can be inferred using only the average solar cycle length
as well the scaling factor predicted from secular variation de-
scribed by Eq. (3). To guarantee the continuity in the forecasted
values, we introduced a transition function that ensures that, at
solar maxima, the scaling factor is the one obtained from the
procedure described above, while at solar minima forecasting
parameters assume a value in between the ones of the two cy-
cles8.

Using available data, the length of solar cycle 25 is esti-
mated to be 10.9 ± 0.8 years long with the next solar minima
expected around the year 2031 ± 1. The Solar maximum should
be reached in 2023 with a level of solar activity comparable (or
a bit lower) with that observed in solar cycle 24. The same level
may be reached in solar cycle 26 starting a new era of increas-
ing solar activity in subsequent solar cycles. This estimation
is in agreement with the physics-based solar cycle predictions
for sunspot cycle 25 presented in Nandy (2021) that forecast a
weak to a moderately weak cycle that will peak around 2024
(±1). Predicted heliospheric parameters for 25 years are shown
in Fig. 6 (blue solid line) together with the historical values
from the last two solar cycles.

4. Forecast accuracy

To evaluate the forecast accuracy we developed a procedure
that compared HelModmodulated spectra for past periods (see,

8The procedure can be summarized as follow: if Ai is the normalization
factor to be applied to the forecasting template for the cycle i, and Ai+1 is the
normalization factor to be applied to the forecasting template for the cycle i+1,
then the forecasting template at solar maxima of solar cycle i is normalized
using the value Ai. At the next solar minima, the forecasting template is nor-
malized using the value Ai+Ai+1

2 . Finally, at solar maxima of cycle i + 1 the
forecasting template is normalized using the value Ai+1.
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Fig. 7. top panel: Proton differential fluence evaluated with HelMod from Jan
2012 to Jan 2015. Dashed line is the LIS from Boschini et al. (2020b), φH is
HelMod differential fluence and φF is the forecast differential fluence. bottom
panel: relative difference between HelMod and forecast differential fluences.

e.g., Boschini et al., 2019) with those obtained from the fore-
casting tool described in Sect. 3.1 and applied back in time be-
fore the experimental observation time, i.e., without using the
observed heliospheric parameters. As a reference, we consider
the period from 2006 to 2017, i.e., the time interval observed by
PAMELA (Martucci et al., 2018) and AMS-02 (Aguilar et al.,
2018) experiments. In the present analysis, we do not consider
the period from the beginning of 2009 to the end of 2010, i.e.,
at the beginning of solar cycle 24, because of the anomalous
long persistence of solar minima conditions (see, e.g., McDon-
ald et al., 2010) that cannot be considered representative for a
general case. Since the forecast of GCR is important for assess-
ing the SEE rate over long-duration space missions, we con-
sidered the GCR fluence (Φ, expressed in m−2) integrated over
several years and on the available rigidity range (i.e. from 0.4
to 47 GV for PAMELA and from 1 to 58 GV for AMS-02).
HelMod produces modulated spectral intensities on the base of
heliospheric parameters averaged on a Bartel rotation (27 days)
period, that represents the reference dataset. For each Bartel
rotation, we evaluated the forecasting parameters to perform
a prediction up to 11 years in the future. Typical simulation
outputs are reported in Fig. 7 where the forecasted differential
fluence is integrated over 3 years (φF , expressed in m−2GV−1)
and are compared with HelMod differential fluence integrated
over the same period (φH). We report in Fig. 8 the distribution
of ΦF−ΦH

ΦH
for the considered datasets included in the simula-

tion, where ΦF is the forecast fluence integrated over 3 years

Fig. 8. Distribution of ΦF−ΦH
ΦH

, where ΦF is the forecast fluence integrated over
3 years and ΦH is HelMod fluence integrated over the same period. Forecasting
parameters used to evaluate ΦF are computed as a close-in-time prediction.
The dashed line represents the average value while the grey area reports the
68% C.L. range.

and ΦH is HelMod fluence integrated over the same period,
considering a close-in-time prediction of forecasting parame-
ters, i.e., assuming to know the heliospheric parameters just
before the simulated periods. The dashed line represents the
average relative difference while the grey area reports the 68%
C.L. range. We repeated this analysis assuming prediction win-
dows from 0 to 11 years. These results are shown in Fig. 9
where we report the average relative difference < ΦF−ΦH

ΦH
> and

the corresponding 68% C.L. range for each prediction window.
These results indicate that the forecasting procedure can repro-
duce HelMod fluences with an accuracy below 5% (±10% at
68% C.L.) for short time predictions (up to 4 years) and below
15% (±(20−25)% at 68% C.L.) for long time predictions (up to
9 years). Including in the analysis datasets during the anoma-
lous solar minima 2009–2010, the average values obtained are
marginally affected and exhibit an increase to ∼ ±15% at the
68% C.L. for 2 years prediction, and to ∼ ±40% at the 68%
C.L. for long time predictions. The motivation of this effect is
that, after the solar minimum, the solar activity shows a fast rise,
thus, a small error in the prediction of the end of the solar cy-
cle leads to a huge discrepancy between actual and forecasted
solar activity levels. This analysis was repeated considering
various scenarios: we consider forecast fluence integrated over
1–2–3 years, we separately consider AMS-02 and PAMELA
periods (i.e., low and high solar activity)and, then, we iterated
again again the analysis considering different energy ranges as
well as using different forecasting templates randomly chosen
within the templates uncertainties. All these analyses are com-
patible with each other and lead to similar conclusions within
the limits (< 5% and < 15%) presented in this paper that can be
considered as upper limits for accuracy.
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Fig. 9. Average relative difference < ΦF−ΦH
ΦH

> along with the corresponding
68% C.L. range evaluated for each prediction windows starting from 0 to 11
years.

5. Conclusions

Solar modulation presents a time periodicity that can be re-
lated to heliospheric parameters, relevant for cosmic ray prop-
agation in the heliosphere, like SN, IMF, SWS, TAL and SWD.
By inspection on how these parameters change with time, time
structures common to all the analyzed cycles can be interpo-
lated using a forecasting template for a typical solar cycle. The
most challenging parameter to be estimated is the length of the
solar cycle. A-priori, it is not possible to forecast the length of a
solar cycle before it reaches its maximum. Thus, in this case, an
average value should be taken, while after the solar maximum
is reached, a fitting procedure can return a refined forecast for
the end of the current solar cycle. This procedure allows us
to forecast heliospheric parameters relevant for setting up the
HelMod code providing GCR intensity for future space mis-
sions. The forecasting procedure was tested by applying it to
past periods, where a benchmark can be assessed. We found
that, on average, the forecast integrated fluence agrees within ∼
5–15% better than the actual simulations for 11 years. These
results assess the capability of the HelModmodel to predict the
cosmic rays fluence for future space missions.
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