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Abstract 

Despite significant advancements in modeling solar modulation, the comprehension of the diffusion parameters remains challenging 
due to model parameter degeneracies and limited 3D in situ observations. Nevertheless, the study of Forbush decreases (FDs) still offers a 
natural probe for investigating particle transport properties. During FDs, coronal mass ejections and the associated magnetic distur-
bances propagating in the interplanetary medium enhance magnetic field turbulence, reducing diffusion of galactic cosmic rays 
(GCR). The result is a temporary reduction of GCR intensity, with recovery occurring over a few days. Previous studies linked FD obser-
vations to changes in diffusion parameters or turbulence levels, enabling insights into its rigidity dependence. In this work, we analyze five 
FDs observed by AMS-02 between 2011 and 2019 using a stochastic differential equation numerical code, based on the HELMOD-4/CUDA

model, introducing localized changes to diffusion parameters in the inner heliosphere. Our results indicate that the rigidity dependence of
the diffusion tensor remains consistent during both quiet and perturbed periods, suggesting that turbulences inducing FD do not fun-
damentally alter GCR propagation properties. These findings support the use of FDs to study particle transport in localized heliospheric
environments, providing insights applicable to the broader heliosphere and improving diffusion modeling accuracy. These findings sup-
port the use of FDs to study particle transport in localized heliospheric environments, providing insights applicable to the broader helio-
sphere and improving diffusion modeling accuracy.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY-NC-ND license (http:// 
creativecommons.org/licenses/by-nc-nd/4.0/). 
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1. Intr oduction

Propagation of galactic cosmic rays (GCR, also referred 
to as charged particles) in the interplanetary medium was
successfully described by Parker (1965) as diffusion-
dominated transport with adiabatic energy losses due to 
the expansion of the magnetized plasma (i.e., Solar Wind,
SW) permeating and defining the properties of the
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heliosphere (i.e., the region where the solar wind is flowing 
out from the Sun) (see also, Gleeson and Axford, 19 67;
Gleeson and Axford, 1968; Jokipii and Parker , 1970;
Jokipii, 1971; Fisk, 1 971). The full description of the 
charged particle propagation in the heliosphere is usually 
referred to as Parker transport equation (PTE). This is a 
Fokker-Plank-like equation that includes other processes 
like convection, due to solar wind expansion, and drift of 
GCR gyro-radius guiding centers, due to large scale spatial 
grad ients of the heliospheric magnetic field (HMF) (see,
e.g., Jokipii et al., 1977; Jokipii and Thomas , 1981;
Jokipii and Levy, 1977; Potgieter and Ferreira , 2001;
Engelbrecht et al., 2022, and reference there in). The
SPAR. 
mmons.org/licenses/by-nc-nd/4.0/). 
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combination of all these processes, produces the so-called 
solar modulation of GCR, i.e., the observed variability of
GCR intensity at energies GeV/n (see, e.g., Gleeson 
and Urch, 1971; Caballero-Lopez and Moraal, 2004;
Rankin et al., 2022a, and reference there in). Nowadays, 
the problem of the propagation of GCR in the heliosphere 
is well-known, but several aspects represent still open issues
in heliophysics (see discussion in Engelbrecht et al., 2022). 
In particular, the attempt to model the diffusion term of 
PTE produced various theoret ical models ranging from
the quasi-linear theory (QLT) proposed by Jokipii (1966) 
to the non-linear guiding center (NLGC) theory of
Matthaeus et al. (2003), and others (see, e.g., Shalchi and 
Schlickeiser, 2004; Shalchi, 2010; Ruffolo et al., 2012; Qin
and Zhang, 2014). In contrast, observations do not sample 
the heliospheric conditions exhaustively, with most of the
observations at Earth orbit (e.g., PAMELA-Adriani 
et al., 2013, SOHO-EPHIN-Kühl et al., 2017, AMS-02-
Aguilar et al., 2018, ) and fewer observations in the 
deep-space (e.g., Voyager 1–2-Stone et al., 1977, ) and 
only one spacecraft probing the 3-D space of the helio-
sphere (i.e., ULYSSES-Simpson et al., 1992). As disserted 
in Engelbrecht et al. (2022), there is a degeneracy in the 
parameters, which the model simplifications and assump-
tions cannot solve. This leads to a non-unique solution that 
can reproduce the data. Furthermore, it makes investigat-
ing the model parameters and their direct impact on global 
modulation phenomena not trivial. To further investigate 
this degeneration, additional sets of in situ measurements 
of GCR and plasma parameters are needed, as well as
improving our capability to model the actual conditions
of heliospheric plasma parameters at the location and the
time in which those observations were taken (see discussion
in Engelbrecht et al., 2022, and reference therein). 

30K 

One of the reasons for the difficulty in breaking such 
degeneration is also related to the relatively sizable dimen-
sion of the helios phere, whose boundary may be reached by
HMF perturbations after several months (see discussion in,
e.g., Bobik et al., 2012; Tomassetti et al., 2017; Yang et al.,
2025). Reducing the volume of the investigation to a rela-
tively smaller region of the heliosphere (that in principle 
can be better probed) may allow one to better investigate
the transport process. For instance, Engelbrecht et al.
(2022) revised the so-called Palmer consensus (Palmer, 
1982), i.e., the range of acceptable values for electron and 
proton mean free paths in the inner heliosphere within a 
rigidity range of 0.0005-5GV, using Jovian electrons as test 
particles from a known source. This approach takes advan-
tage of the fact that Jovian electrons transport to Earth
orbit is dominated by parallel diffusion during good mag-
netic connections of Jupiter with Earth and by perpendicu-
lar diffusion during poor magnetic connections (see also
Strauss et al., 2013; Vogt et al., 2020). The probing space 
is thus limited to a few astronomical units, i.e., up to the 
radial distance of Jupiter. Nevertheless, the amou nt of reli-
able data for such a study is still limited and specific to low-
energy electrons.
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In this work, we explore the possibility of using the 
recovery phase of Forbush decreases (FD) to study the par-
ticle transport at intermediate rigidities (i.e., GV) and
in particular the diffusion coefficient of PTE, illustrated
in detail in Section 2. FDs are a reduction of intensity in 
GCR spectra observed during interplanetary magnetic 
storms caused by powerful coronal mass ejection (CME), 
stream interaction regions (SIRs) and corotating interac-
tion regions (CIRs) propagating in the interplanetary med-
ium (Forbush, 1937; Forbush, 1954; Iucci et al., 1979;
Cane, 2000; Cane and Richardson, 2003). The GCR inten-
sity decrease is most probably produced by a reduced par-
ticle diffusion in the downstream turbulent region behind
the front-shock of the event causing the storm (see, e.g.,
Lockwood et al., 1991; Yu et al., 2010; Arunbabu et al.,
2015), with a flux recovery occurring in a few days 5– 
10 day s in case of sporadic FD, see discussion in
Wawrzynczak and Alania, 2008, and reference therein). 
Several works used the PTE to describe such a decrease 
in terms of a temporary localized diffusion reduction. In
particular, we refer to Wawrzynczak and Alania (2008,
2010) and Luo et al. (2017, 2018). Wawrzynczak a nd
Alania (2008, 2010) described several FDs with a three-
dimensional non-stationary model; in their studies they 
found an inverse relationship between the rigidity spectrum 
index of the FD intensity at 0 GV, obtained combining 
observations from several neutron monitor stations at dif-
ferent locations, and the exponent of the power spectral 
density of the HMF in the frequency range 
Hz.According to QLT, the diffusion term in the PTE

should have a dependence in the form wher
is the IMF turbulence spectral index, thus, their study sug-
gests that the rigidity dependence of is locally modified
in the following area of a solar perturbation. Luo et al.
(2017, 2018) included in their PTE numerical solution a dif-
fusion barrier model, which is essentially a reduction of the 
absolute value of parallel/perpendicular diffusion parame-
ter as well as the drift coefficient in the diffusion tensor of 
PTE in a specific region moving with the CME propaga-
tion. One may note that the first model implies that the 
exponent of the rigidity dependence of the diffusion term 
in the PTE changes due to the shock impact, which sub-
stantially means that the power spectral density of the tur-
bulence in the HMF is modified through all the phases of
the shock passage. The second approach, instead, supposes
the very same diffusion model inside and outside the recov-
ering region after the CME, with the level of turbulence
described by the absolute value of the diffusion parameter.
In this work, we aim to reproduce a selection of FD
observed by AMS–02 (Aguilar et al., 2021; Wan g et al.,
2023) using an SDE numerical code derived by the

HELMOD-4/CUDA code (Boschini et al., 2024) in which we 
modified the propagation in the innermost region (i.e., 

AU). HELMOD-4/CUDA was designed to reproduce the 
long-term solar modulation. In the presented approach,
we applied the most simple modification to HELMOD-4/
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CUDA to prove the usability of this approach to study the 
particle transport during an FD period and, thus, infer
some properties of the diffusion tensor.

2. Propagation numerical model

The transport of charged particles is described by the 
PTE, named after Eugene Parker who first proposed it in
the 1960s (see, e.g. Parker, 1965; Boschini et al., 2019,
and references therei n): 
U 
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where s the number density of GCR particles per unit of 
kinetic energy T (GeV/nucleon), t is time, is the solar 
wind (SW) velocity along the spatial coordin x for 

is the symmetric part of the diffusion ten-
sor, is the particle magnetic drift velocity (related to
the antisymmetric part of the diffusion tensor), and

, with the particle rest mass per nucleon in

units of GeV/nucleon. In the form written in eq. (1), PTE 
displays the four physical processes involved in GCRs 
transport: diffusion, adiabatic energy loss, convection, 
and magnetic drift. These processes vary according to the 
intensity level and phase of solar activity, the intensity, 
and polari ty of the solar magnetic field, and are rigidity-
and charge-sign-dependent.
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To evaluate the modulated GCR spectra, eq. (1) is usu-
ally solved numerically, given the GCR differential intensi-
ties at the boundary as the primary input, i.e., outside the 
heliosphere, also known as the (very) local interstellar spec-
trum (LIS). Nowadays, it has become of common use in
the scientific community to solve PTE employing the
Monte Carlo integration of an equivalent set of stochastic
differential equations (SDE, see, e.g., Effenberger et al.,
2012; Kopp et al., 2012; Zhao et al., 2014; Bobik et al.,
2016; Boschini et al., 2019; M oloto et al., 2019; Vogt
et al., 202 0). This approach presents several advantages 
in terms of stability of the solution and modularity of the 
code, and allows expanding the model’s functi onality with
relatively small changes in the code. For this work, we
based our calculation on the HELMOD-4/CUDA (Boschini 
et al., 2024) code, a version of the HELMOD-4 model running 
on GPUs architecture for an increase in computation per-
formances (see, e.g., Dunzlaff et al., 2015; Vogt et al., 2020;
Solanik et al., 2021; Solanik et al., 2023). 

The HELMOD-4 model is a Monte Carlo code, that solves 
the PTE using the SDE backward-in-time numerical tech-
nique. HELMOD-4 is a mod el that in the last years was special-
ized to (successfully) reproduce the long-term solar
modulation (Bobik et al., 2012; Della Torre et al., 2012;
Boschini et al., 2018a; Boschini et al., 2019; Bartocci
et al., 2020; Rankin et al., 2022b), with an accuracy level
8271
comparable to the actual experimental uncertainties (i.e., 
a few percent for AMS-02 time-integrated spectra). The
code, used in combination with GALPROP (Boschini 
et al., 2017) has been used to infer the LIS for particles with
the atomic number up to (Boschini et al., 2018b;
Boschini et al., 2018c; Boschini et al., 2020a; Boschini
et al., 2020b) allowing to highlight fine structures in GCR
observed spectra (Boschini et al., 2021; Bos chini et al.,
2022a; Boschini et al., 2022b). Finally, it was demonstrated 
that the model is also suitable for assessing the potential
radiation risk in the space environment (see, e.g., Boschini 
et al., 2022c; Liu et al., 2024). 

28Z 

The complete description of the model and its num erical
implementation can be found in Boschini et al. (2024) and 
references therein. Here we recall the main aspects relevant 
to this work. Following the so-called quasi-linear theory 
(QLT) under the approximation of a weak turbulence, 
and the commonl y accepted behavior for the diffusion ten-
sor parallel to IMF , in the model we implement the
formulation described in Boschini et al. (2018a) and consis-
tent with those presented in Section 3.1.1. in Burger and 
Hattingh (1998): 

)(K 

K b 
3 
K0 

P 
1GV 

glo w Rc
R

1AU
2

where is the diffusion parameter evaluated using the
procedure described in Bobik et al. (2012) and updated in
Boschini et al. (2018a) and Boschini et al. (2024), is the 
particle speed in units of the speed of light, is 
the particle rigidity in GV, R is the heliocentric distance 
from the Sun in AU, and, fina lly, and are dimen-
sionless parameters tuned to describe radial GCR intensity
gradients in the inner heliosphere (see also discussions in
Boschini et al., 2019, and references therein). This formula-
tion has the advantage of keeping the number of free 
parame ters as small as possible. Nevertheless, as showed
in Tomassetti et al. (2025), even a more genera func-
tional, such as a double power law rigidity dependence
(see, e.g., Aslam et al., 2021), is equivalent to a linear 
dependency with respect rigidity, after the model tuning 
on experimental data. To a llow the model to reproduce
low energy latitudinal gradients as described in Section 3.2 
of Boschini et al. (2018c) and Section 5.4 in Boschini et al.
(2018a) we refined the Parker magnetic field adding a polar 
correction (described in Section 2.4 of Boschini et al.,
2018a) that increases the intensity of magnetic field through 
a small, but not negligible, latitudinal component (see dis-
cussion in Jokipii and Kota, 1989). The perpendicular dif-
fusion coefficient is assumed to be directly proportional to 

with the ratio of being approximately 0.065 for 
protons and 0.050 for electrons, for both radial and latitu-
dinal coordinates of the diffusion tensor (Boschini et al.,
2018a). As reported in Boschini et al. (2019), the slight dif-
ference between those values might be related to the mass 
differences between nuclei (incl uding protons) and leptons
(i.e., electrons and positrons). As discussed in Bobik 
et al. (2012), we have used enhanced by a factor 2 in
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Table 1 
FDs selected from Table 3 in Wang et al. (2023). 

FD Solar Activity FD start Min. Flux Day MAR [GV] Ampl [%] Simulated days 

006 ICME 2011–08-06 2011–08-06 16.6 13.6 0.4 13 
010 ICME 2011–10-25 2011–10-25 48.5 10.3 0.5 12 
017 ICME 2012–03-08 2012–03-09 33.5 35.1 0.5 28 
058 CIR 2014–02-28 2014–03-01 33.5 10.0 0.5 19 
121 ICME 2017–09-08 2017–09-08 22.8 17.7 0.3 11 

Fig. 1. Modulated differential intensities at 3.83, 5.12, and 9.68 GV during 
the FD 017. In each panel, black points are the daily values measured by 
AMS–02 with their experimental error. In red, we report the best-fit 
simulation for that day and rigidity, the gray area represents the 
uncertainties from the fit algorithm. All differential intensities are 
normalized to the average flux during the four days before the FD starts.
the polar regions to accurately model the amplitude and 
rigidity dependence of the latitudinal gradients of GCR dif-
ferential intensities for protons. This correction is an impli-
cit way of reducing drift effects in polar regions (see
Potgieter, 2013; Vos and Potgieter, 2016; Boschini et al.,
2018a, and references therein). The drift model used in 
HELMOD-4 was based on the model described in Potgieter 
and Moraal, 1985, which was modified to include the polar 
correction of the magnetic field, and the suppression factor 
at rigidities below 1 GV during high-activity periods and an 
additional effective drift suppression tailored for rigidities
above 10 GV around solar activity minimum, as described
in Boschini et al. (2024) and references therein. To account 
for the time needed for an HMF perturbation to propagate 
up to the external boundary, the simulated heliosphere is 
divided into 15 + 1 radially equally spaced regions, the first 
15 regions are inside the termination shock boundary, 
while the additional region is the heliosheath. The i-th 
region crossed by CR particles is characterized by a set
of heliospheric plasma parameters evaluated at the Car-
rington rotation located in the past at a time corresponding
to the time needed by SW for reaching it (see discussion in
Bobik et al., 2012; Boschini et al., 2019). The diffusion 
description and the shape of the heliosphere from the 
HELMOD-4 version used in this work are computed in a 3D 
space. In particular, this study involves only modifying 
the intensity of the diffusio n term It is important to
remark that in principle, for a full exploitation of the FD
recovery phase, the role of drift cannot be neglected (see,
e.g., Luo et al., 2018) but, as shown in Section 4, it is prob-
ably a second order correction. Therefore, for the explora-
tory purpose of this paper, we will neglect this correction 
and left the drift term unmodified. Finally, we consider 
the value o evaluated on the long-term and time-
dependent analysis (i.e., reproducing the average flux on
a Carrington rotation hosting the FD, see e.g., Boschini 
et al., 2024, and reference therein) as a reference, then we 
evaluate how the diffusion parameter in the innermost 
region evolves during the FD using the methodology
described in Section 3. 
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3. Numerical a nalysis

3.1. FD selection

In Aguilar et al. (2021), the AMS–02 collaboration 
released the measur ed daily spectra for protons from
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2011 May 20 to 2019 October 29 in the rigidit y range from
1 to 100 GV. Wang et al. (2023) applied a systematic anal-
ysis method, identifying 142 FD events: 47 FDs caused by 
interplanetary CMEs and 54 caused by CIRs (which c an be
considered respectively as sporadic and recurrent FDs as
defined in, e.g., Wawrzynczak and Alania, 2008). In their 
analysis, each FD is characterized by FD amplitude (eval-
uated as the relative maximum depletion at 2 GV), maxi-
mum affected rigidity (MAR, i.e., the rigidity up to which 
FD effects are still significant), and the time delay of min-
imum flux depletion after the FD starts. For this study,
we selected five FDs, summarized in Table 1, among those 
with FD amplitude % and with a clear asymmetric 
shape (i.e., with a recovery phase decrease phase). The 
number of selected FDs was an arbitrary choice to cover 
the full period of AMS–02 data and to demonstrate the fea-
sibility of the study in a reasonable amount of time on a
local GPU architecture.

10
3.2. Computational eff ort

The search was performed on a single server with three 
NVIDIA A–30 GPU cards. Using this study as a baseline 
for code performan ces, we evaluate a need of
GPU hours to compute the full 142 sample reported in
Wang et al. (2023), by a linear extrapolation. Additional 
computational time would be needed by more complex 
search, including more free parameters (e.g., computing 
separately perpendicular and parallel diffusion). Using the 
adaptive grid search technique, utilized for the parame-
ter investigation, the computational time rises as

4 3k

Npar ,
K0 

move_t0005
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where is the number of model free parameters. It 
reaches GPU hours, becoming prohibitive, with
just

ar

25 8k
ar 3.

Np 

Np 
Fig. 2. Computed value of parameter for different days and several rigid
algorithm. The black dashed line indicates the reference value of (along w
reproduce the Carrington rotation average flux.

K0

K0 

8273
For such a simulation production, we suppose the use of 
the Bayesian Optimization (BO) parameter-tuning algo-
rithm, because it demonstrated to be the best strategy for
ities. The colored area represents the uncertainties due to the fit 
ith the estimated uncertainties in the gray area) used in HELMOD-4/CUDA to

K0on 
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Fig. 3. Best-fit values of omputed during FD #010, along with the computed uncertainties (blue points), for three selected days representing the initial 
(quiet) period (left panel), the day of the minimum flux (central panel), and the day after the recovering phase (right panel). Data are reported as a function
of rigidity. The orange lines are the result of the linear fits of the plotted data, the slope of the fit is reported in the legend on top of each plot.

cK0 
cases with low parameter dimensionality and few fitting
points (see, e.g., Balázs et al., 2021; Santoni et al., 2024;
Roussel et al., 2024; Leclercq, 2018, for example of
parameter search algorithm that may be used in this
cases). Thus, the estimated computational time, can be 
compu ted applying the following approximation:

tBO NBO x y kN  3BO 3

where is the number of evaluated samples for 
Gaussian process fitting, commonly used in literature
(Mahendran et al., 2012; Falkner et al., 2018). In this work, 

is the average FD fitting points (days), 
is the average execution time for each day fitted, as 
extracted from the simulation profiling. , instead, 
is the estimated time to evaluate a candidate function per
fitting point, depending on the efficiency of the numerical
libraries, hardware performance, and data structure over-
heads (see also Shahriari et al., 2016). Performing the BO 
and using a GPU-optimized versi on of the propagation
algorithm1 , our estimation for, e.g., 10 free parameters 
and all the 142 Forbush GPU hours, which is 
below the limit of the resources dedicated to a medium size
Italian SuperComputing Resource Allocation (ISCRA)
project.

O 50

17 212 0s

0 1s

30k
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3.3. Simulation stra tegy

As a simulation strategy, AMS-02 (Aguilar et al., 2021) 
published daily proton fluxes and each day is simulated 
separately from the others using the parameters evaluated 
for the Carrington rotation that includes those days. Only 
the value o parameter in the first inner sector of 
HELMOD-4 heliosphere is changed and considered in this
analysis. In HELMOD-4 sets the normalization of the
overall contribution of flux diffusion to the particle trans-
port in the heliosphere. This term includes (and somehow

K0

0

f 

, K 
1 actually under development for the Italian Research Center on High-
Performance Computing, Big Data and Quan tum Computing (see
Cavallotto et al., 2025, for preliminary results). 
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hides) any dependence of the diffusion term from the influ-
ence of turbulence on the local transport. In the attempt to 
highlight any hint of variation of the rigidity depend ence of
the spectral diffusion index in the PTE occurring in the very
local heliosphere region after the shock (as suggested by,
e.g., Wawrzynczak and Alania, 2008), we decided to com-
pute the best-fit value of for each rigidity bin separately
and then compare them (see Section 4). 

K0 

We performed an adaptive grid search strategy starting 
from an array of 10 value or in the interval 

[AU2 GV−1 s−1 ] which was recursively 
refined within a smaller interval until the simulated flux 
in each rigidity bin differed from experimental data for less 
than 1% (i.e., corresponding to the numerical accuracy due 
to the number of simulated Monte Carlo events). The eval-
uation of the simulation accuracy is done separately for 
each rigidity, thus, in principle, th value minimizing 
the flux differences at a certain rigidity bin can be different
from the value at another rigidity bin showing a possible
hint of its rigidity dependence. Indeed, the minimizing pro-
cedure stops only when all rigidity bins are successfully
minimized. The uncertainty of each value is defined as
the interval for which the simulated flux falls inside the
experimental uncertainties.

K0
7 6 10 4

0

s f 
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e K 

K0 

The simulation sample includes 4 days before the FD 
starts to serve as an unperturbed period to be compared 
with the perturbed ones. We simulated each day of the 
recovery phase of the FD until the flux returned to the 
same level as the unperturbed period. Data below 3 GV 
are not always available in the AMS–02 da taset due to
orbit limitations, and therefore, we decided to exclude them
from the simulation sample. We also excluded rigidities
greater than 11 GV, which showed some convergence
issues of the best-fit procedure during preliminary simula-
tions. We reported in Fig. 1 an example of FD measured 
by AMS–02 at three different rigidities (i.e., 3.83, 5.12, 
and 9,68 GV indicated with black points) along with the
simulated spectra (red lines).

K0In Fig. 2 and A we report results from the fit algo-
rithm along with the computed uncertainties. These results 
are discussed in Section 4.

move_fn1
move_f0005
move_f0010
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4. Results and discussions

The results of the numerical analysis (presented in Sec-
tion 3) are summarized in Fig. 2. In these plots, we report 
the best-fit value of parameter for each simulated day 
and rigidity. The colored area represents the computed 
uncertainties from the fit algorithm. As a reference value,
we report with a black dashed line the value o used
in HELMOD-4/CUDA and computed using the equations in

K0

K0 

f 
Fig. 4. Slope m in eq. (4) (i.e. rigidity dependence of ith time) computed fo
of the FD onset as reported in Table 1. 

K w0 
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Boschini et al. (2018a, 2019, 2024) for the long-term solar 
modulation. It is worth remembering tha represents 
the diffusion amplitude parameter, as a function of time, 
averaged over the first HELMOD zone (i.e., from 1 to 6–7 
AU from the Sun). Therefore, it represents the weighted 
average between the actual diffusion parameter inside the
perturbed region and that one applying to the quiet plasma
conditions. As expected, the reference values match well
with the quiet (unperturbed) periods, as well as when the

K0t
r the FDs considered in this study. The vertical dashed lines show the day
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flux is finally recovered, after FD, with the only exception 
of FD #121 case that remains below the initial (unper-
turbed) value. For the sake of discussion, we present in
Fig. 3 a different view of results reported in tables in A, 
but for FD #010 only as a representative example. In these 
plots, we show the best-fit value of the parameter, as a 
function of rigidity, for three selected days, which represent 
the quiet (unperturbed) period, the day of the minimum 
flux, and the recovered flux (i.e., the last day of the simu-
lated period). From figure inspection, one can see how
parameters seem to show a weak rigidity dependence that
may reflect the need for improvements of the diffusion
model (like, e.g., a different rigidity dependence between
parallel and perpendicular diffusion as presented in
Engelbrecht et al., 2022 and reference there in), the need 
for a fine tune of the proton LIS or other effects related 
to transport near the heliosphere boundary. To see how
this rigidity dependence varies during the FD evolution,
we performed a linear regression (orange lines in Fig. 3) 
of parameters for each day with the general formula

K0 

K0 

K0 

K0 m P a 4

where a and m are free parameters. The computed slopem is
reported in Fig. 4 for the FDs in the present study. It is 
interesting to note that, in general, there is no significant 
variation before and after the beginning of the FD (indi-
cated with vertical red dashed line). For the case of FD 
#017, during the quiet period, the slope constantly increases 
in the days before the onset of the FD. Thus, this change 
may not be related to the FD itself. A different feature is 
observed for FD #121 when the days during the quiet per-
iod show a large variability that disappears the day before
the FD starts. In general, it is challenging to infer any struc-
ture that can be correlated with the evolution of the FD.
This observation suggests that a) the rigidity dependence
noticed in Fig. 3, and in all studied FDs, is a feature that 
is independent of the perturbed conditions during the FD,
and b) the rigidity dependence of the diffusion coefficient
(see eq. (2)) is not modified during the five studied FDs. 
In fact, if the rigidity dependence in eq. (2) is substantially 
modified during the FD evolution, this should be reflected 
in the computed value o best-fit values, which is not
observed. This conclusion is not necessarily in contrast with
those stated in Wawrzynczak and Alania (2008, 2010)
because they focused their study on recurrent FDs, and 
the variation of the spectral index of the rigidity dependence 
may be so small that, in this study, it may be confused with
typical fluctuations of an unmodified scenario.

0f K 

5. Conc lusion

In this work, we applied a modified version of HELMOD-4/ 

CUDA code to the study of the temporal evolution of FDs. 
We developed a simple recursive algorithm to fit the diffu-
sion parameter in the first inner region of the heliosphere to
emulate the change in the diffusion process due to the large
perturbations occurring during FD. We found that the
8276
same description of the diffusion coefficients with rigidity, 
used during the quiet period is suitable to reproduce the 
perturbed period in the five cases considered in this study. 
For each day, the value of the parameter is almost con-
sistent among the considered rigidities. We found a residual 
linear rigidity dependence of the computed parameter 
that occurs both during quiet and perturbed periods. This 
may reflect an incorrect rigidity dependence of parallel 
and/or perpendicular diffusion tensor used in the current 
model. Finally, although the absolute value of e 
parameter varies significantly during the time evolution 
of the FD, it remains almost constant versus rigidity for 
both quiet and perturbed days. These observations support 
the idea that turbulence occurring during an FD event, 
while presenting much larger ampli tudes in comparison
with quiet periods, does not modify the general properties
of particle propagation of GCR. The present study is lim-
ited by the low number of FD events considered and a very
simplified spatial description of the FD itself. A more accu-
rate description of the spatial evolution of the FD may help
in recovering the differences observed among different
events. For a more robust outcome, a wider investigation
using many more FD events (including the study of helium
nuclei and electrons, which are made available from AMS-
02 in Aguilar et al., 2022; Aguilar et al., 2023) is requested. 
Since the volume probed by a solar eruption is much more 
localized than the global heliosphere, it may be more easily 
inspected with in situ probes. The study of the temporal 
evolution of FD may allow testing properties of particle 
propagation in a more known environm ent that can be
simulated directly in the code. This possibility could help
to disentangle different effects in GCR transport and, thus,
to improve the modelization of the whole heliosphere.

K
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Appendix A. Tables

p0 U 2 

10 
In the following tables, we report the values of computed daily arameters (expressed in for each sim-

ulated rigidity. Reported values in tables must be multiplied by 
Table A.2. Daily parameter in during FD#006.

K A GV 1s 1)
4.

10 4 2GV 1s 1K0 AU 

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV 
2011–08-01 1 64 0 37 1 48 0 07 1 48 0 16 1 64 0 08 1 48 0 16 1 48 0 07 1 64 0 08

2011–08-02 1 64 0 37 1 48 0 16 1 64 0 08 1 48 0 16 1 64 0 08 1 80 0 09 1 64 0 08

2011–08-03 0 48 0 16 0 09 0 09 0 16 0 16 0 32 

2011–08-04 1 52 0 39 
0 24 1 76 0 05 

0 24 1 66 0 14 
0 10 1 64 0 22 

0 16 1 71 0 34 
0 24 1 66 0 34 

0 05 1 57 0 15 
0 10

2011–08-05 1 47 0 49 
0 19 1 48 0 09 

0 06 1 48 0 28 
0 01 1 64 0 16 

0 17 1 47 0 05 
0 15 1 62 0 19 

0 19 1 47 0 24 
0 15

2011–08-06 0 98 0 05 
0 15 0 88 0 04 

0 10 0 88 0 05 
0 04 0 93 0 05 

0 09 0 84 0 09 
0 04 0 88 0 04 

0 04 0 88 0 10 
0 05

2011–08-07 1 13 0 24 
0 15 1 08 0 08 

0 05 1 13 0 10 
0 05 1 13 0 03 

0 10 1 03 0 15 
0 03 1 00 0 08 

0 01 1 00 0 16 
0 01

2011–08-08 1 32 0 32 
0 07 1 32 0 02 

0 07 1 48 0 07 
0 14 1 48 0 07 

0 16 1 32 0 07 
0 07 1 34 0 07 

0 02 1 32 0 02 
0 07

2011–08-09 1 32 0 48 
0 07 1 32 0 16 

0 07 1 64 0 08 
0 16 1 64 0 08 

0 08 1 48 0 07 
0 07 1 34 0 30 

0 02 1 34 0 14 
0 02

2011–08-10 1 48 0 43 
0 20 1 47 0 17 

0 07 1 62 0 10 
0 15 1 76 0 09 

0 39 1 64 0 07 
0 16 1 47 0 24 

0 07 1 64 0 03 
0 27

2011–08-11 1 47 0 49 
0 24 1 52 0 12 

0 05 1 57 0 15 
0 10 1 48 0 23 

0 06 1 76 0 15 
0 19 1 62 0 19 

0 19 1 52 0 15 
0 20

2011–08-12 1 48 0 16 
0 16 1 34 0 14 

0 07 1 48 0 16 
0 07 1 48 0 07 

0 07 1 64 0 08 
0 08 1 48 0 07 

0 07 1 32 0 07 
0 07

2011–08-13 1 34 0 30 
0 02 1 48 0 07 

0 16 1 48 0 16 
0 07 1 64 0 08 

0 16 1 48 0 07 
0 07 1 48 0 07 

0 14 1 48 0 16 
0 07

Day 6.19 GV 6.78 GV 7.42 GV 8.12 GV 8.87 GV 9.68 GV 10.6 GV 
2011–08-01 1 64 0 08 

0 08 1 32 0 16 
0 07 1 34 0 14 

0 18 1 34 0 14 
0 02 1 32 0 02 

0 16 1 32 0 16 
0 07 1 32 0 16 

0 16

2011–08-02 1 48 0 32 
0 07 1 48 0 16 

0 07 1 48 0 16 
0 14 1 34 0 14 

0 02 1 16 0 18 
0 06 1 34 0 14 

0 02 1 48 0 07 
0 16

2011–08-03 1 48 0 32 
0 07 1 48 0 16 

0 14 1 48 0 32 
0 07 1 48 0 16 

0 14 1 16 0 32 
0 06 1 48 0 07 

0 16 1 64 0 48 
0 16

2011–08-04 1 57 0 34 
0 10 1 48 0 16 

0 16 1 47 0 39 
0 15 1 42 0 39 

0 15 1 42 0 34 
0 26 1 52 0 24 

0 29 1 64 0 64 
0 22

2011–08-05 1 52 0 15 
0 20 1 34 0 14 

0 12 1 32 0 24 
0 17 1 32 0 10 

0 19 1 23 0 12 
0 19 1 23 0 12 

0 19 1 42 0 54 
0 19

2011–08-06 0 83 0 10 
0 05 0 84 0 09 

0 01 0 88 0 04 
0 05 0 78 0 15 

0 04 0 78 0 10 
0 04 0 88 0 15 

0 10 0 88 0 25 
0 05

2011–08-07 0 98 0 15 
0 05 0 98 0 05 

0 05 1 00 0 05 
0 16 1 03 0 05 

0 19 0 88 0 10 
0 05 0 84 0 10 

0 04 0 93 0 10 
0 10

2011–08-08 1 34 0 07 
0 18 1 34 0 14 

0 02 1 16 0 18 
0 06 1 16 0 18 

0 06 1 00 0 16 
0 05 1 16 0 16 

0 16 1 34 0 07 
0 18

2011–08-09 1 64 0 08 
0 32 1 32 0 16 

0 07 1 48 0 16 
0 16 1 32 0 16 

0 16 1 34 0 30 
0 02 1 16 0 16 

0 16 1 64 0 32 
0 32

2011–08-10 1 47 0 24 
0 15 1 48 0 19 

0 16 1 34 0 18 
0 07 1 32 0 16 

0 19 1 32 0 16 
0 19 1 32 0 25 

0 24 1 47 0 24 
0 19

2011–08-11 1 64 0 16 
0 30 1 37 0 19 

0 19 1 34 0 18 
0 16 1 57 0 15 

0 29 1 42 0 19 
0 19 1 32 0 10 

0 24 1 37 0 29 
0 15

2011–08-12 1 48 0 07 
0 07 1 34 0 30 

0 07 1 34 0 14 
0 02 1 48 0 07 

0 16 1 34 0 30 
0 02 1 34 0 30 

0 18 1 48 0 32 
0 16

2011–08-13 1 64 0 08 
0 08 1 48 0 07 

0 16 1 32 0 16 
0 07 1 32 0 16 

0 07 1 32 0 02 
0 16 1 32 0 16 

0 16 1 32 0 32 
0 16

Table A.3. Daily parameter in during FD#010.

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV

2011–10-20 1 80 0 21 
0 46 1 80 0 09 

0 09 1 96 0 10 
0 32 1 80 0 09 

0 16 1 80 0 09 
0 16 1 96 0 10 

0 16 1 80 0 21 
0 09

2011–10-21 1 64 0 48 
0 16 1 96 0 10 

0 16 1 80 0 09 
0 16 1 96 0 10 

0 10 1 96 0 10 
0 32 1 96 0 05 

0 16 1 80 0 16 
0 16

2011–10-22 1 96 0 32 
0 32 1 80 0 21 

0 09 1 80 0 16 
0 09 1 96 0 10 

0 10 1 96 0 16 
0 16 1 96 0 05 

0 16 1 80 0 21 
0 09

2011–10-23 1 80 0 48 
0 32 1 80 0 16 

0 09 2 01 0 28 
0 05 2 12 0 11 

0 16 1 96 0 32 
0 10 2 01 0 11 

0 21 1 96 0 32 
0 16

(continued on next page)
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Table A.3 ( continued)

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV 
2011–10-24 1 64 0 64 

0 16 1 80 0 16 
0 16 1 80 0 16 

0 09 2 01 0 11 
0 21 1 96 0 32 

0 10 1 96 0 16 
0 16 2 01 0 10 

0 05

2011–10-25 1 08 0 10 
0 10 1 03 0 05 

0 03 1 03 0 05 
0 05 1 08 0 05 

0 08 1 00 0 08 
0 06 0 98 0 10 

0 05 0 93 0 10 
0 05

2011–10-26 1 37 0 24 
0 29 1 32 0 05 

0 05 1 34 0 07 
0 16 1 23 0 15 

0 06 1 27 0 07 
0 10 1 16 0 07 

0 03 1 16 0 16 
0 03

2011–10-27 1 42 0 44 
0 15 1 34 0 18 

0 02 1 52 0 05 
0 19 1 66 0 08 

0 24 1 32 0 24 
0 01 1 48 0 04 

0 16 1 32 0 20 
0 09

2011–10-28 1 47 0 78 
0 24 1 48 0 19 

0 06 1 71 0 05 
0 23 1 48 0 38 

0 11 1 76 0 15 
0 28 1 66 0 08 

0 19 1 48 0 38 
0 01

2011–10-29 1 80 0 48 
0 32 1 80 0 09 

0 09 1 96 0 05 
0 32 1 96 0 05 

0 16 2 01 0 28 
0 21 1 96 0 16 

0 16 2 01 0 11 
0 21

2011–10-30 1 80 0 48 
0 16 1 96 0 05 

0 16 1 96 0 16 
0 16 1 96 0 05 

0 16 2 12 0 11 
0 32 1 80 0 16 

0 16 1 96 0 48 
0 10

2011–10-31 1 66 0 63 
0 24 1 76 0 15 

0 15 1 80 0 16 
0 18 1 86 0 15 

0 22 1 66 0 19 
0 19 1 80 0 21 

0 28 1 80 0 30 
0 16

Day 6.19 GV 6.78 GV 7.42 GV 8.12 GV 8.87 GV 9.68 GV 10.6 GV 
2011–10-20 1 64 0 32 

0 16 1 64 0 16 
0 16 1 48 0 32 

0 16 1 34 0 14 
0 02 1 34 0 46 

0 07 1 48 0 48 
0 14 1 64 0 48 

0 30

2011–10-21 1 80 0 21 
0 16 1 80 0 21 

0 09 1 64 0 32 
0 16 1 64 0 16 

0 16 1 34 0 30 
0 02 1 48 0 16 

0 16 1 48 0 48 
0 16

2011–10-22 2 01 0 10 
0 37 1 96 0 16 

0 16 1 96 0 32 
0 16 1 80 0 32 

0 09 1 64 0 37 
0 08 1 80 0 32 

0 46 2 28 0 39 
0 64

2011–10-23 2 12 0 32 
0 16 1 96 0 48 

0 10 1 96 0 32 
0 16 1 48 0 16 

0 07 1 64 0 37 
0 30 1 80 0 21 

0 16 1 80 0 64 
0 16

2011–10-24 2 12 0 16 
0 16 1 96 0 16 

0 16 1 64 0 08 
0 16 1 64 0 16 

0 30 1 80 0 09 
0 32 1 48 0 32 

0 16 2 01 0 44 
0 21

2011–10-25 0 93 0 05 
0 05 0 98 0 05 

0 15 0 84 0 05 
0 04 0 84 0 05 

0 04 0 84 0 04 
0 04 0 68 0 03 

0 03 0 84 0 10 
0 04

2011–10-26 1 18 0 16 
0 05 1 08 0 10 

0 10 1 00 0 13 
0 06 1 03 0 10 

0 10 0 98 0 05 
0 15 0 93 0 06 

0 10 1 03 0 15 
0 15

2011–10-27 1 34 0 08 
0 12 1 27 0 10 

0 15 1 13 0 21 
0 05 1 13 0 10 

0 15 1 03 0 29 
0 10 0 98 0 15 

0 05 1 08 0 24 
0 10

2011–10-28 1 62 0 18 
0 15 1 42 0 24 

0 10 1 57 0 24 
0 29 1 47 0 19 

0 29 1 32 0 15 
0 19 1 16 0 18 

0 18 1 32 0 29 
0 19

2011–10-29 1 96 0 16 
0 32 1 64 0 16 

0 08 1 64 0 16 
0 16 1 64 0 16 

0 16 1 64 0 37 
0 30 1 48 0 07 

0 16 2 12 0 16 
0 48

2011–10-30 1 80 0 48 
0 09 1 80 0 21 

0 16 1 64 0 37 
0 16 1 96 0 16 

0 16 1 80 0 48 
0 32 1 64 0 37 

0 16 2 12 1 22 
0 32

2011–10-31 1 66 0 19 
0 10 1 57 0 29 

0 15 1 47 0 19 
0 19 1 52 0 12 

0 34 1 32 0 19 
0 17 1 48 0 32 

0 20 1 66 0 46 
0 19

Table A.4. Daily parameter in during FD#017.

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV

2012–03-03 1 57 0 44 
0 29 1 47 0 24 

0 07 1 62 0 05 
0 24 1 48 0 09 

0 11 1 52 0 12 
0 10 1 47 0 10 

0 15 1 37 0 19 
0 05

2012–03-04 1 96 0 32 
0 32 1 80 0 09 

0 09 2 12 0 11 
0 16 1 80 0 09 

0 16 1 64 0 37 
0 08 1 64 0 16 

0 08 1 48 0 16 
0 07

2012–03-05 2 01 0 11 
0 37 1 64 0 48 

0 08 2 01 0 10 
0 21 1 64 0 16 

0 08 1 80 0 09 
0 09 1 80 0 21 

0 16 1 64 0 16 
0 08

2012–03-06 1 71 0 57 
0 29 1 62 0 10 

0 05 1 96 0 10 
0 29 1 57 0 24 

0 08 1 71 0 10 
0 24 1 76 0 19 

0 15 1 57 0 24 
0 15

2012–03-07 1 66 0 46 
0 29 1 48 0 19 

0 01 1 42 0 24 
0 07 1 64 0 07 

0 17 1 62 0 15 
0 10 1 47 0 15 

0 10 1 62 0 15 
0 27

2012–03-08 0 68 0 11 
0 07 0 68 0 02 

0 04 0 80 0 02 
0 11 0 77 0 05 

0 02 0 78 0 07 
0 09 0 75 0 09 

0 00 0 75 0 07 
0 05

2012–03-09 0 43 0 02 
0 05 0 38 0 04 

0 02 0 41 0 02 
0 04 0 38 0 02 

0 00 0 36 0 02 
0 02 0 36 0 04 

0 02 0 36 0 02 
0 04

2012–03-10 0 56 0 08 
0 05 0 56 0 03 

0 04 0 54 0 05 
0 03 0 54 0 03 

0 02 0 52 0 04 
0 03 0 45 0 07 

0 02 0 48 0 04 
0 01

2012–03-11 0 68 0 12 
0 05 0 64 0 06 

0 03 0 64 0 03 
0 02 0 61 0 02 

0 03 0 66 0 04 
0 02 0 64 0 00 

0 05 0 63 0 03 
0 07

2012–03-12 0 56 0 05 
0 08 0 56 0 03 

0 03 0 53 0 01 
0 03 0 50 0 03 

0 03 0 56 0 03 
0 05 0 53 0 05 

0 01 0 52 0 05 
0 05

2012–03-13 0 57 0 12 
0 07 0 59 0 03 

0 04 0 56 0 05 
0 03 0 53 0 06 

0 01 0 52 0 04 
0 03 0 48 0 05 

0 04 0 47 0 06 
0 02

2012–03-14 0 73 0 11 
0 09 0 71 0 04 

0 02 0 73 0 04 
0 06 0 68 0 07 

0 03 0 70 0 07 
0 04 0 68 0 02 

0 04 0 64 0 04 
0 05

2012–03-15 0 74 0 06 
0 07 0 75 0 04 

0 04 0 70 0 05 
0 03 0 74 0 01 

0 04 0 68 0 08 
0 03 0 75 0 04 

0 01 0 75 0 04 
0 05

2012–03-16 0 74 0 06 
0 07 0 70 0 03 

0 03 0 70 0 05 
0 02 0 70 0 05 

0 02 0 74 0 01 
0 05 0 74 0 04 

0 10 0 68 0 02
0 03
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Table A.4 ( continued)

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV 
2012–03-17 0 87 0 20 

0 08 0 87 0 08 
0 05 0 89 0 14 

0 06 0 88 0 01 
0 04 0 91 0 02 

0 07 0 94 0 05 
0 08 0 84 0 09 

0 04

2012–03-18 1 07 0 16 
0 21 1 09 0 04 

0 11 1 08 0 04 
0 10 1 05 0 05 

0 08 1 05 0 11 
0 07 1 00 0 13 

0 05 0 97 0 11 
0 09

2012–03-19 1 03 0 15 
0 10 1 03 0 13 

0 05 1 03 0 05 
0 05 1 08 0 08 

0 05 1 03 0 05 
0 05 1 03 0 05 

0 05 1 03 0 05 
0 05

2012–03-20 1 08 0 26 
0 10 1 08 0 08 

0 08 1 08 0 05 
0 05 1 16 0 07 

0 03 1 23 0 05 
0 15 1 16 0 02 

0 08 1 08 0 05 
0 05

2012–03-21 1 32 0 10 
0 34 1 16 0 06 

0 03 1 16 0 16 
0 03 1 32 0 07 

0 14 1 27 0 19 
0 10 1 23 0 10 

0 05 1 27 0 10 
0 10

2012–03-22 1 34 0 14 
0 18 1 34 0 07 

0 02 1 32 0 07 
0 07 1 34 0 07 

0 02 1 32 0 02 
0 07 1 32 0 16 

0 07 1 34 0 07 
0 02

2012–03-23 1 32 0 35 
0 04 1 32 0 16 

0 07 1 37 0 05 
0 07 1 42 0 15 

0 05 1 57 0 05 
0 25 1 52 0 12 

0 15 1 66 0 08 
0 29

2012–03-24 1 47 0 24 
0 31 1 34 0 23 

0 07 1 32 0 16 
0 01 1 42 0 10 

0 05 1 48 0 16 
0 06 1 52 0 15 

0 18 1 52 0 12 
0 19

2012–03-25 1 52 0 44 
0 24 1 62 0 05 

0 19 1 57 0 24 
0 10 1 48 0 23 

0 06 1 52 0 44 
0 08 1 62 0 18 

0 10 1 62 0 19 
0 15

2012–03-26 1 48 0 48 
0 35 1 57 0 19 

0 15 1 64 0 12 
0 07 1 71 0 10 

0 24 1 71 0 10 
0 19 1 71 0 10 

0 15 1 62 0 34 
0 10

2012–03-27 1 76 0 54 
0 39 1 57 0 15 

0 05 1 80 0 01 
0 23 1 66 0 15 

0 10 1 71 0 19 
0 10 1 76 0 24 

0 19 1 57 0 24 
0 05

2012–03-28 1 48 0 53 
0 20 1 42 0 10 

0 05 1 64 0 07 
0 17 1 57 0 08 

0 15 1 48 0 14 
0 16 1 52 0 24 

0 05 1 37 0 39 
0 07

2012–03-29 1 57 0 29 
0 34 1 47 0 17 

0 19 1 47 0 19 
0 05 1 62 0 10 

0 19 1 52 0 10 
0 10 1 57 0 10 

0 10 1 57 0 07 
0 23

2012–03-30 1 64 0 16 
0 32 1 64 0 08 

0 16 1 34 0 14 
0 07 1 48 0 16 

0 07 1 48 0 07 
0 07 1 64 0 16 

0 16 1 34 0 14 
0 07

Day 6.19 GV 6.78 GV 7.42 GV 8.12 GV 8.87 GV 9.68 GV 10.6 GV 
2012–03-03 1 32 0 10 

0 07 1 32 0 10 
0 05 1 16 0 16 

0 03 1 16 0 18 
0 08 1 03 0 19 

0 05 1 13 0 19 
0 15 1 34 0 14 

0 26

2012–03-04 1 64 0 08 
0 16 1 48 0 07 

0 16 1 34 0 14 
0 02 1 32 0 16 

0 16 1 16 0 18 
0 06 1 16 0 18 

0 06 1 48 0 32 
0 07

2012–03-05 1 48 0 07 
0 07 1 34 0 07 

0 02 1 34 0 14 
0 02 1 48 0 07 

0 14 1 16 0 18 
0 06 1 34 0 07 

0 18 1 48 0 16 
0 16

2012–03-06 1 62 0 02 
0 15 1 47 0 19 

0 15 1 42 0 10 
0 15 1 42 0 22 

0 15 1 27 0 15 
0 24 1 18 0 19 

0 10 1 27 0 19 
0 29

2012–03-07 1 62 0 05 
0 27 1 32 0 32 

0 04 1 32 0 20 
0 14 1 13 0 24 

0 06 1 27 0 36 
0 10 1 16 0 18 

0 13 1 27 0 15 
0 28

2012–03-08 0 69 0 09 
0 03 0 71 0 04 

0 07 0 64 0 05 
0 06 0 68 0 07 

0 05 0 61 0 07 
0 05 0 64 0 06 

0 08 0 62 0 05 
0 07

2012–03-09 0 34 0 02 
0 02 0 34 0 02 

0 02 0 31 0 02 
0 02 0 31 0 02 

0 02 0 32 0 02 
0 02 0 30 0 00 

0 04 0 36 0 03 
0 04

2012–03-10 0 50 0 02 
0 04 0 47 0 01 

0 02 0 47 0 02 
0 06 0 47 0 02 

0 02 0 41 0 06 
0 02 0 38 0 07 

0 02 0 47 0 07 
0 05

2012–03-11 0 63 0 04 
0 04 0 64 0 03 

0 11 0 57 0 01 
0 09 0 52 0 04 

0 05 0 52 0 02 
0 05 0 53 0 01 

0 04 0 55 0 04 
0 04

2012–03-12 0 53 0 01 
0 06 0 53 0 01 

0 04 0 48 0 05 
0 04 0 45 0 04 

0 04 0 48 0 02 
0 02 0 45 0 08 

0 03 0 50 0 02 
0 05

2012–03-13 0 45 0 02 
0 02 0 41 0 05 

0 02 0 41 0 02 
0 02 0 42 0 02 

0 02 0 39 0 05 
0 02 0 38 0 02 

0 02 0 39 0 05 
0 02

2012–03-14 0 64 0 09 
0 01 0 59 0 05 

0 02 0 64 0 05 
0 04 0 59 0 02 

0 04 0 57 0 04 
0 05 0 59 0 09 

0 06 0 69 0 06 
0 12

2012–03-15 0 70 0 03 
0 03 0 70 0 05 

0 02 0 65 0 11 
0 03 0 74 0 04 

0 07 0 65 0 05 
0 03 0 70 0 03 

0 05 0 74 0 06 
0 10

2012–03-16 0 65 0 03 
0 05 0 68 0 03 

0 08 0 65 0 03 
0 08 0 65 0 03 

0 03 0 65 0 05 
0 03 0 65 0 05 

0 05 0 70 0 05 
0 05

2012–03-17 0 91 0 07 
0 13 0 83 0 08 

0 10 0 76 0 11 
0 02 0 78 0 11 

0 03 0 79 0 10 
0 12 0 78 0 08 

0 10 0 87 0 10 
0 10

2012–03-18 1 04 0 09 
0 11 0 89 0 09 

0 05 0 89 0 11 
0 08 0 92 0 10 

0 13 0 92 0 07 
0 13 0 84 0 10 

0 08 1 15 0 25 
0 20

2012–03-19 1 03 0 05 
0 10 0 93 0 10 

0 05 0 88 0 15 
0 04 0 83 0 15 

0 04 0 88 0 04 
0 05 0 93 0 10 

0 10 1 08 0 05 
0 15

2012–03-20 1 08 0 08 
0 05 1 08 0 10 

0 05 1 18 0 05 
0 19 1 03 0 05 

0 10 1 00 0 08 
0 01 1 03 0 13 

0 05 1 18 0 19 
0 10

2012–03-21 1 18 0 24 
0 06 1 23 0 05 

0 15 1 18 0 15 
0 05 1 18 0 19 

0 05 1 16 0 31 
0 06 1 16 0 18 

0 08 1 37 0 24 
0 24

2012–03-22 1 32 0 02 
0 07 1 32 0 16 

0 16 1 16 0 18 
0 06 1 34 0 14 

0 02 1 32 0 02 
0 16 1 34 0 07 

0 02 1 64 0 48 
0 16

2012–03-23 1 34 0 37 
0 07 1 48 0 19 

0 16 1 47 0 15 
0 15 1 32 0 25 

0 19 1 32 0 16 
0 17 1 42 0 29 

0 15 1 62 0 49 
0 24

2012–03-24 1 52 0 24 
0 15 1 42 0 06 

0 19 1 37 0 15 
0 10 1 34 0 37 

0 07 1 32 0 20 
0 14 1 32 0 16 

0 19 1 76 0 54 
0 28

2012–03-25 1 62 0 18 
0 15 1 48 0 19 

0 14 1 48 0 19 
0 20 1 32 0 29 

0 05 1 48 0 32 
0 16 1 34 0 30 

0 16 1 62 0 39
0 19
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Table A.4 ( continued)

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV 

2012–03-26 1 57 0 29 
0 08 1 62 0 34 

0 05 1 47 0 24 
0 10 1 37 0 24 

0 10 1 57 0 19 
0 29 1 32 0 16 

0 16 1 47 0 49 
0 15

2012–03-27 1 80 0 21 
0 16 1 52 0 28 

0 18 1 66 0 19 
0 32 1 48 0 48 

0 16 1 52 0 24 
0 18 1 47 0 44 

0 15 1 81 0 54 
0 39

2012–03-28 1 52 0 24 
0 10 1 34 0 23 

0 02 1 32 0 10 
0 17 1 34 0 18 

0 18 1 34 0 14 
0 18 1 13 0 15 

0 10 1 34 0 23 
0 26

2012–03-29 1 47 0 29 
0 13 1 47 0 29 

0 15 1 32 0 16 
0 09 1 32 0 19 

0 17 1 27 0 15 
0 19 1 32 0 15 

0 24 1 52 0 39 
0 20

2012–03-30 1 48 0 07 
0 14 1 34 0 14 

0 02 1 32 0 16 
0 16 1 34 0 07 

0 18 1 32 0 16 
0 16 1 32 0 02 

0 16 1 48 0 16 
0 32

Table A.5. Daily parameter in during FD#058.

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV

2014–02-23 1 20 0 34 
0 16 1 10 0 15 

0 03 1 18 0 02 
0 14 1 07 0 07 

0 15 1 02 0 11 
0 10 0 87 0 18 

0 02 0 96 0 05 
0 16

2014–02-24 1 30 0 28 
0 22 1 29 0 06 

0 10 1 30 0 07 
0 11 1 02 0 08 

0 05 1 08 0 05 
0 11 0 97 0 06 

0 05 0 92 0 21 
0 01

2014–02-25 1 36 0 33 
0 17 1 24 0 06 

0 14 1 36 0 11 
0 07 1 24 0 04 

0 11 1 19 0 06 
0 17 1 02 0 08 

0 05 1 19 0 06 
0 27

2014–02-26 1 36 0 33 
0 11 1 19 0 22 

0 06 1 47 0 07 
0 22 1 30 0 07 

0 01 1 13 0 15 
0 06 1 10 0 03 

0 14 1 08 0 21 
0 06

2014–02-27 1 50 0 21 
0 21 1 60 0 08 

0 27 1 44 0 03 
0 15 1 17 0 11 

0 06 1 23 0 06 
0 11 1 12 0 05 

0 05 1 07 0 21 
0 05

2014–02-28 1 01 0 16 
0 16 0 92 0 10 

0 05 0 92 0 02 
0 14 0 91 0 05 

0 11 0 78 0 05 
0 05 0 76 0 05 

0 09 0 74 0 01 
0 11

2014–03-01 1 02 0 11 
0 11 0 85 0 04 

0 04 0 85 0 04 
0 12 0 92 0 05 

0 05 0 80 0 04 
0 06 0 80 0 04 

0 04 0 69 0 06 
0 03

2014–03-02 0 99 0 16 
0 24 0 90 0 04 

0 05 0 78 0 11 
0 04 0 92 0 01 

0 07 0 81 0 09 
0 07 0 74 0 07 

0 07 0 74 0 06 
0 09

2014–03-03 0 99 0 20 
0 14 0 99 0 04 

0 11 0 92 0 14 
0 07 0 92 0 10 

0 01 0 85 0 07 
0 08 0 78 0 14 

0 04 0 78 0 11 
0 05

2014–03-04 1 02 0 17 
0 11 1 13 0 06 

0 11 1 02 0 06 
0 06 0 97 0 14 

0 05 1 08 0 05 
0 22 0 91 0 06 

0 05 0 91 0 01 
0 11

2014–03-05 1 08 0 32 
0 15 1 14 0 15 

0 04 1 14 0 10 
0 09 1 03 0 20 

0 05 0 96 0 14 
0 04 1 13 0 06 

0 21 0 91 0 12 
0 04

2014–03-06 1 19 0 39 
0 11 1 19 0 17 

0 06 1 24 0 06 
0 14 1 30 0 07 

0 11 1 13 0 06 
0 03 1 13 0 11 

0 06 0 97 0 22 
0 05

2014–03-07 1 36 0 39 
0 17 1 30 0 17 

0 06 1 30 0 06 
0 17 1 24 0 06 

0 17 1 24 0 11 
0 14 1 13 0 11 

0 06 1 13 0 11 
0 11

2014–03-08 1 47 0 40 
0 19 1 34 0 32 

0 07 1 47 0 02 
0 19 1 55 0 08 

0 26 1 39 0 11 
0 11 1 34 0 07 

0 16 1 34 0 07 
0 21

2014–03-09 1 66 0 48 
0 27 1 66 0 08 

0 11 1 66 0 16 
0 05 1 60 0 05 

0 13 1 55 0 11 
0 27 1 23 0 32 

0 06 1 23 0 27 
0 06

2014–03-10 1 24 0 56 
0 50 1 10 0 18 

0 06 1 08 0 11 
0 11 1 13 0 28 

0 11 0 97 0 17 
0 06 0 97 0 06 

0 17 0 92 0 05 
0 18

2014–03-11 1 41 0 78 
0 28 1 29 0 29 

0 21 1 08 0 45 
0 05 1 13 0 22 

0 03 1 13 0 39 
0 11 1 10 0 18 

0 03 0 74 0 39 
0 04

2014–03-12 1 41 0 78 
0 49 1 24 0 06 

0 17 1 47 0 16 
0 23 0 97 0 28 

0 05 1 19 0 11 
0 28 1 30 0 07 

0 38 0 97 0 28 
0 06

2014–03-13 1 29 0 06 
0 18 1 29 0 06 

0 06 0 92 0 18 
0 05 0 92 0 05 

0 05 0 92 0 05 
0 05 0 74 0 18 

0 04 0 92 0 05 
0 05

Day 6.19 GV 6.78 GV 7.42 GV 8.12 GV 8.87 GV 9.68 GV 10.6 GV 
2014–02-23 0 80 0 13 

0 02 0 82 0 10 
0 20 0 76 0 04 

0 11 0 66 0 14 
0 11 0 69 0 05 

0 16 0 66 0 08 
0 14 0 71 0 22 

0 08

2014–02-24 0 97 0 05 
0 11 0 85 0 04 

0 06 0 80 0 17 
0 06 0 74 0 18 

0 11 0 74 0 04 
0 19 0 69 0 05 

0 06 0 92 0 10 
0 12

2014–02-25 0 97 0 06 
0 05 0 92 0 05 

0 12 0 80 0 12 
0 06 0 74 0 12 

0 05 0 69 0 11 
0 11 0 74 0 11 

0 01 0 85 0 11 
0 06

2014–02-26 0 92 0 05 
0 05 0 92 0 10 

0 07 0 85 0 07 
0 04 0 97 0 06 

0 22 0 92 0 05 
0 18 0 91 0 01 

0 22 0 92 0 16 
0 18

2014–02-27 1 01 0 11 
0 09 1 01 0 09 

0 09 0 96 0 11 
0 05 1 01 0 05 

0 11 0 92 0 04 
0 07 0 92 0 09 

0 18 0 91 0 21 
0 11

2014–02-28 0 71 0 04 
0 19 0 58 0 11 

0 05 0 53 0 05 
0 06 0 51 0 05 

0 05 0 35 0 11 
0 02 0 39 0 12 

0 07 0 44 0 16 
0 11

2014–03-01 0 63 0 03 
0 03 0 58 0 06 

0 02 0 46 0 17 
0 02 0 58 0 03 

0 21 0 37 0 10 
0 02 0 35 0 17 

0 02 0 58 0 06
0 17
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Table A.5 ( continued)

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV 
2014–03-02 0 69 0 07 

0 06 0 72 0 04 
0 20 0 53 0 11 

0 02 0 55 0 09 
0 09 0 58 0 08 

0 12 0 49 0 14 
0 07 0 60 0 16 

0 11

2014–03-03 0 76 0 04 
0 12 0 81 0 04 

0 09 0 74 0 06 
0 17 0 63 0 11 

0 08 0 51 0 16 
0 07 0 63 0 13 

0 12 0 55 0 14 
0 13

2014–03-04 0 85 0 06 
0 04 0 85 0 07 

0 12 0 80 0 11 
0 11 0 74 0 04 

0 11 0 74 0 11 
0 11 0 74 0 06 

0 16 0 85 0 22 
0 06

2014–03-05 1 00 0 13 
0 14 0 80 0 18 

0 02 0 82 0 20 
0 08 0 78 0 14 

0 22 0 71 0 13 
0 11 0 74 0 11 

0 16 0 80 0 36 
0 09

2014–03-06 1 08 0 06 
0 17 1 02 0 08 

0 11 0 80 0 22 
0 04 0 97 0 06 

0 17 0 85 0 06 
0 11 0 80 0 17 

0 06 0 92 0 21 
0 07

2014–03-07 1 13 0 11 
0 06 1 02 0 08 

0 10 0 97 0 11 
0 11 0 97 0 14 

0 11 0 92 0 05 
0 07 0 92 0 05 

0 23 1 08 0 22 
0 17

2014–03-08 1 28 0 05 
0 21 1 28 0 11 

0 27 1 12 0 16 
0 11 1 10 0 23 

0 14 0 96 0 21 
0 04 0 96 0 16 

0 05 1 23 0 43 
0 11

2014–03-09 1 47 0 13 
0 24 1 29 0 32 

0 01 1 28 0 05 
0 21 1 28 0 19 

0 18 1 10 0 34 
0 14 1 34 0 32 

0 21 1 47 0 40 
0 24

2014–03-10 0 85 0 43 
0 06 0 91 0 22 

0 17 0 69 0 23 
0 03 0 74 0 18 

0 17 0 74 0 01 
0 22 0 74 0 23 

0 22 0 85 0 50 
0 17

2014–03-11 0 92 0 32 
0 12 1 02 0 33 

0 06 0 92 0 21 
0 07 1 02 0 17 

0 28 1 02 0 11 
0 17 0 63 0 22 

0 17 1 13 0 11 
0 39

2014–03-12 0 85 0 28 
0 12 0 85 0 17 

0 06 0 74 0 37 
0 16 0 74 0 18 

0 18 0 74 0 12 
0 22 0 69 0 22 

0 17 0 97 0 22 
0 33

2014–03-13 0 74 0 18 
0 04 0 74 0 04 

0 04 0 74 0 04 
0 18 0 55 0 03 

0 03 0 55 0 03 
0 03 0 55 0 37 

0 03 0 92 0 18 
0 37

Table A.6. Daily parameter in during FD#121.

Day 3.13 GV 3.46 GV 3.83 GV 4.22 GV 4.65 GV 5.12 GV 5.63 GV 
2017–09-04 2 14 1 86 

0 55 2 67 0 13 
0 71 2 33 0 73 

0 12 2 51 0 73 
0 13 3 06 1 47 

0 73 2 67 0 67 
0 34 2 70 1 47 

0 02

2017–09-05 2 01 1 97 
0 60 2 14 0 73 

0 14 3 25 0 16 
0 73 2 51 0 37 

0 55 2 88 0 73 
0 55 2 70 2 02 

0 55 2 70 0 55 
0 55

2017–09-06 2 67 2 00 
0 67 2 67 0 13 

0 13 2 67 1 33 
0 13 2 67 0 13 

0 13 2 67 0 67 
0 13 3 34 0 17 

0 67 3 34 2 66 
0 67

2017–09-07 1 80 1 77 
0 46 2 01 0 28 

0 21 1 96 0 64 
0 10 1 96 0 05 

0 10 2 01 0 28 
0 37 2 28 0 39 

0 48 2 12 0 32 
0 64

2017–09-08 0 59 0 15 
0 05 0 65 0 03 

0 03 0 65 0 03 
0 05 0 65 0 03 

0 03 0 68 0 02 
0 03 0 75 0 04 

0 08 0 75 0 04 
0 11

2017–09-09 0 74 0 28 
0 10 0 81 0 05 

0 11 0 81 0 11 
0 05 0 81 0 05 

0 04 0 86 0 11 
0 04 0 97 0 05 

0 27 0 97 0 14 
0 05

2017–09-10 1 16 0 18 
0 32 1 00 0 05 

0 05 1 16 0 06 
0 06 1 16 0 18 

0 06 1 16 0 18 
0 06 1 32 0 16 

0 07 1 16 0 18 
0 06

2017–09-11 1 48 1 12 
0 32 1 48 0 32 

0 14 1 48 0 64 
0 07 1 64 0 16 

0 08 1 64 0 37 
0 08 1 64 0 37 

0 30 1 48 0 48 
0 07

2017–09-12 1 52 0 97 
0 36 1 71 0 09 

0 40 1 91 0 76 
0 19 1 81 0 29 

0 47 1 71 0 93 
0 10 1 91 0 49 

0 29 1 81 0 29 
0 47

2017–09-13 1 32 0 48 
0 32 1 34 0 14 

0 18 1 48 0 48 
0 14 1 32 0 32 

0 07 1 48 0 07 
0 16 1 80 0 09 

0 48 1 80 0 09 
0 48

2017–09-14 1 34 0 67 
0 18 1 16 0 16 

0 06 1 80 0 09 
0 09 1 48 0 32 

0 07 1 64 0 16 
0 30 1 64 0 32 

0 16 1 64 0 32 
0 16

Day 6.19 GV 6.78 GV 7.42 GV 8.12 GV 8.87 GV 9.68 GV 10.6 GV 
2017–09-04 3 43 0 55 

1 47 3 34 0 67 
0 83 2 33 1 84 

0 37 2 70 0 64 
0 92 3 43 2 57 

1 10 2 67 1 12 
0 67 3 98 2 02 

1 10

2017–09-05 3 25 1 10 
0 73 2 67 1 12 

0 53 2 14 1 10 
0 37 2 88 1 65 

0 92 2 70 2 02 
0 92 2 01 1 61 

0 05 2 88 2 94 
0 92

2017–09-06 2 67 0 13 
0 13 3 34 1 33 

1 33 4 00 0 20 
0 67 3 34 2 66 

0 67 4 00 0 67 
1 33 3 34 1 33 

0 67 5 33 0 67 
2 00

2017–09-07 1 80 0 96 
0 09 2 01 0 10 

0 37 2 01 0 28 
0 21 2 01 0 92 

0 05 1 80 0 48 
0 32 2 12 0 55 

0 48 2 67 2 02 
0 71

2017–09-08 0 70 0 11 
0 03 0 75 0 04 

0 08 0 68 0 08 
0 08 0 70 0 11 

0 02 0 75 0 04 
0 11 0 70 0 05 

0 05 0 81 0 27 
0 06

2017–09-09 0 97 0 05 
0 05 0 93 0 15 

0 18 0 93 0 09 
0 07 0 91 0 01 

0 17 0 91 0 21 
0 05 0 86 0 11 

0 12 1 29 0 27 
0 21

2017–09-10 1 32 0 16 
0 07 1 16 0 16 

0 16 1 16 0 16 
0 06 1 34 0 07 

0 18 1 16 0 18 
0 06 1 34 0 14 

0 02 1 32 0 48 
0 07

2017–09-11 1 64 0 37 
0 08 2 01 0 10 

0 53 1 32 0 48 
0 07 1 80 0 21 

0 32 1 64 0 37 
0 32 2 01 0 28 

0 37 2 44 1 56 
0 64

2017–09-12 1 76 1 75 
0 19 1 80 0 60 

0 38 2 01 0 39 
0 44 1 96 1 38 

0 39 2 12 1 74 
0 41 1 96 1 31 

0 48 2 92 2 41 
0 92

2017–09-13 1 64 0 16 
0 30 1 48 0 48 

0 32 1 34 0 30 
0 07 1 48 0 48 

0 14 1 34 0 14 
0 18 1 34 0 46 

0 18 1 96 0 32 
0 48

2017–09-14 1 48 0 32 
0 07 1 64 0 16 

0 32 1 32 0 32 
0 07 1 34 0 67 

0 02 1 64 0 16 
0 32 1 48 0 16 

0 16 2 28 1 06
0 48
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