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[1] We present an observation-based elemental Galactic Cosmic Ray (GCR) heavy
nuclei spectra model, based on ACE/CRIS measurements. Then we extrapolate the
spectra model to the lower energy range of ACE/SIS instrument. In addition, we compare
the modeling results with both the CRIS and SIS measurements. The flux of lower
energetic particles measured by SIS are despiked since there are Solar Energetic Particle
(SEP) events. The good agreement between the modeling and the observation results,
especially for the solar minimum, indicates the validity of our model in the energy range
30-500 MeV/nuc. Compared with two GCR radiation environment models,
CREME96/Nymmik model and Badhwar & O’Neill model, our model can provide an
improved fit to the GCRs spectra measured by ACE. Furthermore, our model is a
phenomenological one, without consideration of the physical process during GCRs’
propagating through the heliosphere. Therefore, it is more straightforward and applicable
in practice. Finally, the model can reproduce and predict the GCR spectra in the past and
future, respectively, based on the strong correlation between the model parameters and

solar activity indicated by sunspot number.

Citation: Zhao, L.-L., and G. Qin (2013), An observation-based GCR model of heavy nuclei: Measurements from CRIS onboard
ACE spacecraft, J. Geophys. Res. Space Physics, 118, 1837—1848, doi:10.1002/jgra.50235.

1. Introduction

[2] The heavy nuclei of Galactic Cosmic Ray (GCR)
provide very important information about cosmic ray’s ori-
gin, acceleration mechanism, as well as propagation and
modulation processes in the heliosphere through their ele-
mental and isotopic composition. It is well established
that GCR flux correlates inversely with solar activity
[McDonald, 1998]. The numerical modeling of GCR modu-
lation in the heliosphere has also made significant progress
over the past several decades [Fichtner, 2005]. For instance,
the advanced 2-D or 3-D models based on solving Parker’s
transport equation (e.g., finite-difference method [Jokipii
and Kopriva, 1979; Kota and Jokipii, 1983] and stochastic
method [Zhang, 1999; Qin et al., 2006; Pei et al., 2010])
are remarkably successful in reconciling observation from
various spacecraft, balloon experiments and ground-based
stations. However, a comprehensive understanding of the
GCR heavy nuclei remains challenging, partly attributed to
the fact that the intensities of heavy nuclei in GCR are rela-
tively low and highly variable in space and time, hence, the
progress in the past has been impeded by limited particle
collection ability.
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[3] In addition, accurate knowledge of GCR abundances
and energy spectra of heavy ions may protect astronauts
in the long-duration deep space missions, as well as sen-
sitive electronic instruments, from the radiation hazard. In
spite of their relatively low abundance, the heavy nuclei con-
tribute significantly to the total radiation dose, especially
with energy below 1 GeV/nuc due to the fact that they
have a high rate of ionization energy loss [Davis et al.,
2001]. Wilson et al. [1997] estimated that the heavy nuclei
account for approximately half of the blood-forming organs
dose equivalent behind 5 g/cm? of aluminum shielding at
solar minimum, with significant contribution from relatively
abundant heavy ions, e.g., C, N, O, Ne-S, Fe. Since the
low-energy heavy ions are easy to shield against, the heavy
ions with energy above 30 MeV/nuc are the major contrib-
utor to cancer and other health risks from space radiation
due to their large ionization power [Durante and Cucinotta,
2008, 2011]. Furthermore, although the heavy ions are less
penetrating than protons and heliums, they are usually the
dominant cause of single event effects (SEEs) in the GCR
environment [Dodd et al., 2007].

[4] Fortunately, the NASA Advanced Composition
Explorer (ACE) spacecraft has greatly extended our abil-
ity to explore the heavy nuclei over a wide energy range,
including energy spectra, elemental and isotopic abun-
dances, and the ionic charge of nuclei from H to Ni
[Stone et al., 1998a]. The Cosmic Ray Isotope Spectrometer
[CRIS, Stone et al., 1998b] onboard ACE has continuously
recorded “quiet time” energy spectra for elements with
nuclear charge from 5 to 28 over the energy range
50-500 MeV/n since its launch in August, 1997. The mea-
surement from CRIS are highly statistically significant due
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Figure 1. Observed elemental GCR spectra from boron to nickel from ACE/SIS (circles) and ACE/CRIS
(stars) measurements for (a) solar maximum (year 2002) and (b) solar minimum (year 2008) in the energy
range 30 ~ 500 MeV/nuc. The solid curves show the energy spectra from our model. Arbitrary scale
factors have been applied to the flux of each element for the presentation of the spectral shape. Vertical

bars denote the statistically standard error.

to its large geometrical acceptance and excellent charge and
mass resolution. The data sets with unprecedented statis-
tical precision from CRIS and other instruments onboard
ACE have greatly improved our knowledge about heavy
ions [Davis et al., 2001; Wiedenbeck et al., 2005; O Neill,
2006; Mason et al., 2008; George et al., 2009; Mewaldt
et al., 2010]. George et al. [2009] analyzed the measure-
ments of elemental abundances and spectra of heavy nuclei
from the boron to nickel obtained by ACE/CRIS during
both solar minimum and solar maximum, and concluded
that the CRIS data are generally consistent with previous
measurements and provides a high-precision baseline for
future studies of GCRs, e.g., their composition, solar modu-
lation over the solar cycle, space radiation hazards, etc. And
George et al. [2009], also using the ACE/CRIS data, showed
that intensities of elements consisting primarily of secon-
daries (produced by cosmic ray fragmentation in the Galaxy)
fall off more rapidly going to low energies than do those of
primary elements.

[s] Currently, there are several models of the GCR radi-
ation environment commonly used for evaluating radiation
hazard, including the “leaky box” model [Cowsik et al.,
1967], the CHIME model [Chenette et al., 1994], the
Badhwar & O’Neill model [Badhwar and O’Neill, 1994,
1996] and CREME96/Nymmik model [Tylka et al., 1997].
Among all of these models, the “leaky box” model is
the simplest one but can still reproduce the observations
with reasonable accuracy. In addition, the CHIME model is
specified for the calculation of SEEs due to interplanetary
heavy ions. The Badhwar & O’Neill model characterizes
the level of solar modulation with a single time-dependent
parameter, the modulation potential ®(f), which is related
to the energy and rigidity required for interstellar parti-

cles to propagate through the heliosphere to the observation
radius [Badhwar and O’Neill, 1996; O’Neill, 2006]. Then
the modulation potential ®(f) is correlated with ground-
based nearly continuous neutron monitor counting rates,
resulting prediction of ®(¢) at later times from the regression
line. Note that the Badhwar & O’Neill model is a physics-
based model, depending on the solar modulation of cosmic
rays in the heliosphere including the diffusion-convection
mechanism [Badhwar and O’Neill, 1996]. However, the
CREME96/Nymmik model is a phenomenological one that,
based on the semi-empirical model of Nymmik et al. [1992],
and the variations of cosmic ray intensities, are directly
related to the sunspot number (SSN), which is a general
measure of the level of solar activity [Tylka et al., 1997].
Moreover, for the NM-based reconstruction method, the
neutron monitors are sensitive to the reaction products of
1-20 GeV primary cosmic rays in the Earth’s atmosphere
so that the lower energy part of the GCR spectrum may
be underestimated [Usoskin et al., 2011]. Furthermore, the
Badhwar and O’Neill model and CREME96/Nymmik model
are based on the balloon and spacecraft data of varying
precision from about three decades before the work was
done. Hence, the accuracy of these models is rather limited,
and the solar minimum predictions is estimated to devi-
ate from the ACE measurement by as much as 15-20%
[Davis et al., 2001, Figure 4], which suggests that both mod-
els need revision in light of the high-quality data from ACE.
Actually, O’Neill [2006, 2010] has updated the original
Badhwar-O’Neill Model with the new ACE data to produce
more accurate GCR environment data. Furthermore, George
et al. [2009] showed that a steady state “leaky box™ galactic
propagation model could give good (but not perfect) fit to the
observed spectra from ACE/CRIS with different modulation
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Figure 2. GCR spectra for element Mg with measurements
from ACE/CRIS (stars) and ACE/SIS (circles). The solid
curves show the energy spectra calculated using our model.
Arbitrary scale factors have been applied to the intensity of
each element for presentation of the spectral shape. Vertical
bars denote the statistically standard error.

potential @ for solar minimum and maximum. Moreover, the
CREME96 model has also been replaced by CREME-MC
model [Sierawski et al., 2010], a physics-based model with
Monte Carlo approach for simulating SEEs [Weller et al.,
2010].

[6] In this work we present an observation-based GCR
spectra model of heavy nuclei based on the ACE/CRIS mea-
surements over the period from 1997 to 2011, spanning over
one entire solar cycle. The article is organized as follows.
First, the spectra and integral intensity measurements from
ACE/CRIS and ACE/SIS are presented. Then, we show the
details of the development of the model step by step. Finally,
we discuss the model by comparing it with previous GCR
environment models.

2. Observations

[7] The daily averaged fluxes (in unit of particles/
(cm?-sr-sec-MeV/nuc)) for elemental species (nuclear charge
5 < z < 28) of the Solar Isotope Spectrometer (SIS, if
available) and the Cosmic Ray Isotope Spectrometer (CRIS)
at level 2 over the period from 1997 to 2011 were read-
ily obtained from the ACE Science Center. CRIS covers the
energy range 50—500 MeV/nuc and only record GCRs for
“quiet time.” SIS covers the energy range 10—100 MeV/nuc
and record SEP during large solar events, and GCRs or
ACRs while during solar quiet time, which provides baseline

for comparison with the GCR measurements from CRIS.
Together, CRIS and SIS cover the element and energy range
most important for evaluating the radiation risk due to heavy
ions. Both CRIS and SIS have larger geometry factors and
higher mass and charge resolution than previous instruments
of its kind [Stone et al., 1998b, 1998c]. The data are thought
to be the most statistically precise for both abundant and
rare species to date. The residual systematic uncertainties in
the absolute spectra measured by CRIS and SIS is conserva-
tively estimated to be less than 10% (probably less than 5%)
for both instruments [Davis et al., 2001].

[8] The measurements from CRIS are pure GCRs, but
that from SIS are GCRs or ACRs, which may include SEP
events associated with solar activity, especially during solar
maximum, thereby the yearly spectra are dominated by the
large SEP events [Mewaldt et al., 2007]. In this paper we get
the background yearly elemental fluxes of cosmic rays from
SIS by automatically removing SEP events with a threshold-
ing method [Goring and Nikora, 2002] following Qin et al.
[2012]. For more details about the despiking of SIS data, the
readers are referred to the Appendix A. It is noted that some
elemental SIS data below 30 MeV/nuc might be from ACR,
but all the SIS data over 30 MeV/nuc are mainly from GCR
[Jokipii, 1990; Klecker, 1995]. While the long-term modula-
tion of ACR is a very important issue, in this paper we focus
on the GCR modulation of heavy-ions, so for all heavy ele-
ments we only study data with energy over 30 MeV/nuc. In
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Figure 3. Integral intensity Z(z, f) for several selected ele-
ments (C(6), N(7), O(8), Ne(10), Mg(12), Si(14), Ar(18),
Ca(20), Fe(26), and Ni(28)) from ACE/CRIS measurements.
The numbers on the right indicate the scale factors applied
to the corresponding elements for presentation purpose. The
solid curves represent the modeling integral intensities.
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Table 1. Parameters Used in the GCR Model

Year 1997 1998 1999 2000 2001 2002 2003 2004
a() ~3.91 —4.00 —4.13 451 —4.61 —4.53 452 437
() 521 -5.10 -5.07 —4.36 -3.66 -3.95 -4.09 -4.01
PO(%) 278 ~1.89 -0.86 2.12 472 3.50 3.10 2.04
Year 2005 2006 2007 2008 2009 2010 2011

a() 427 -4.06 -3.99 -3.94 -3.86 -3.92 -4.06

n(@) —4.40 —4.63 —4.96 -5.07 -5.20 -5.26 -5.14

PON%) 0.88 -0.70 -1.62 .27 -2.82 -2.39 -1.04

z 5 6 7 8 9 10 11 12 13 14 15 16
Z(z)*100 16.82 80.85 2242 100.00 1.76 17.40 372 27.46 4.53 22.80 0.78 4.40
z 17 18 19 20 21 22 23 24 25 26 27 28
Z(z)*100 0.89 1.97 1.58 432 0.96 3.52 1.70 3.47 221 23.80 0.15 1.25

the following, we will remove SEP spikes with our thresh-
olding despiking method [Qin et al., 2012] for all the SIS
flux measurements if despiking is needed, and we refer to
the despiked data as “the data” for simplicity purpose.

2.1. Energy Spectra

[o] Figure 1 shows the energy spectra during solar mini-
mum (year 2008) and maximum (year 2002) for elemental
species from boron to nickel with higher energy ACE/CRIS
measurements (stars) and lower energy ACE/SIS measure-
ments above 30 MeV/nuc (circles). In addition, Figure 2
presents the spectral shapes for element Mg from year 1997
to 2011. In both the Figures 1 and 2, dark and grey lines
(symbols) alternate and arbitrary scale factors are applied to
the flux of each element or each year for clear presentation
of the spectral shapes. Note that not all elements available
in CRIS data are available in SIS data, but those spectra
in SIS data are coherently consistent with that from CRIS
measurements, and they have the similar time-dependent
energy spectrum shape. Therefore, in the following, we
assume that all elements share the same spectral shape above
~ 30 MeV/nuc, which is a function of time. Note that we
fit CRIS data with a theoretical form described later in the
paper, which is shown with solid lines in Figures 1 and 2.

2.2. Integral Intensity

[10] We calculate the integral intensity /(z, f) by integrat-
ing the flux data with respect to energy for each element z
and each year ¢,

N

Iz.0)= ) _Ji(z.DAE;, (1)

i=1
where fi(z, f) denotes the yearly average of differential flux
observation for element z in the year ¢, and AE; indicates
the ith energy interval of the CRIS instrument. Here for
the CRIS data, the number N of energy channels for each
element is 7. The integral intensities are measured over dif-
ferent energy ranges for different elements, due to the z
dependence of the energy coverage of the CRIS instrument.
Therefore, the integral intensity is just an analogue of abun-
dance, and it cannot be directly compared with abundance
derived using a fixed energy interval for all elements, as is
conventionally done [George et al., 2009].

[11] Figure 3 shows the time variation of integral inten-
sities for several selected elements, including C, N, O, Ne,
Mg, Si, Ar, Ca, Fe, and Ni, from the year 1997 to 2011. It
is noted that the integral intensities of all elements approx-
imately show the similar variation pattern, which exhibit

apparent anti-correlation with solar activity. In particular, the
integral intensities during the solar minimum (1997, 2009)
are higher than that during the solar maximum (2001) by a
factor of ~ 5. It is also shown that the integral intensities
in the solar minimum of the year 2009 are approximately
20% greater than that in the solar minimum of the period
1997-1998 due to the extremely low solar activity during the
prolonged solar minimum [see also, Mewaldt et al., 2010].

3. Spectra Model

[12] The model construction generally involves two pro-
cedures. First, an integral intensity model is developed
to characterize the element-dependent and time-dependent
integral intensity. Then, an appropriate form is used to fit the
spectral shapes of all elements. Combining the two together,
we get the final energy spectra model.

3.1. Integral Intensity Model

[13] In the following we construct an integral intensity
model by calculating the intensity ratio Z(z, f) and the inten-
sity modulation parameter o(¢).
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Figure 4. An example of estimation of intensity modu-
lation parameter a(¢) in 1998. The filled circles show the
intensity /(z,7) from ACE/CRIS measurements, while the
open circles show the corrected intensity /°(z, f), which is
then fitted by a straight line in log-linear plot. The slope
is approximately zero, and the intercept is defined as the
intensity modulation parameter .
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Figure 5. Fitted spectral shape for the year 2011. Circles
indicate ACE/CRIS measurements, which are multiplied by
a free parameter for each element and each year.

[14] George et al. [2009] showed that, similar to the
solar system abundances, the elemental GCR abundances
of heavy-ions present an odd-even law. In addition, the
abundances of different elements can vary over three orders
of magnitude. In order to characterize the relative inte-
gral intensity of each element, we first calculate the inten-
sity ratio of each element with respect to O(8). As in
many previous studies [e.g., Mason et al., 1997, 2008],
we choose O as the reference element for its high abun-
dance. Here, we define the intensity ratio Z(z, f) with respect
to O(8) as

1(z, 1)

Z(z,t) = 7[(2 =80

@

With some procedures we can get the intensity ratio model
Z"(z, 1) as

3)

Z"(z,1) = Z(z) (1 + MZ)M) ’

VZ()
where Z(z) and p(f) denote the averaged intensity ratio
and averaged intensity ratio percentage, respectively, and
AMz=6)=0,A(z=8)=0,A(z=26)=33,and A(z) = 1
otherwise. The values of Z(z), and p(¢) are shown in Table 1.
The reader can refer to Appendix B for the details of the
derivation of intensity ratio model Z"(z, £).

[15] It is shown that the integral intensity of each element
varies with time, or with the variation of solar modulation
strength. So a successful GCR modulation model should
reflect such process with some modulation parameters. The
solar modulation potential ® is widely used in GCR models.
Here we characterize the solar modulation process with an
intensity modulation parameter o, which relates the varying
integral intensity of heavy ions to the solar activity.

[16] Figure 4 shows an example of intensity modulation
parameter « estimation for the year 1998. First, the corrected
integral intensities I°(z, ) are calculated with equation (4).

I(z,0) = I(z,t)/ Z"(z, 1) “)

Then, the corrected integral intensity is fitted using a straight
line in the log space. From Figure 4 we can see that the fitted
line is

Ig[F(z,t = 1998)] ~ o + Bz, )

with & = -3.9896 + 0.0078 and B = —0.0005 % 0.0004, or
the slope of the fitted line is approximately zero for the year
1998, i.e., I(z,t = 1998) ~ 10% with (¢ = 1998) ~ —3.99.
[17] Furthermore, we apply the same procedure to the
integral intensities of the other years to get similar results

Table 2. Measurement Energy Intervals of ACE/CRIS Downloaded From ACE Home Page (http://www.srl.caltech.edu/ACE/ASC/)?

Element E] AE] Ez AE2 E3 AE3 E4 AE4 E5 AE5 E6 AE(, E7 AE7
B(5) 59.6 144 79.7 23.1 102.0 19.1 121.1 16.8 138.3 153 1540 14.1 168.6 13.5
C(6) 68.3 16.6 91.4 26.6 117.2 22.1 139.2 195 159.1 17.8 1773 16.4 194.4 157
N(7) 732 178 98.1 285 125.8 23.8 149.5 21.0 171.0 19.2 190.6 17.7 209.1 16.9
O(8) 80.4 19.6 107.8 315 1384 263 164.7 233 188.4 213 2102 19.7 230.7 18.8
F©9) 83.5 204 112.0 32.8 143.8 274 171.1 243 1959 222 218.7 20.6 240.0 19.6
Ne(10) 89.4 21.8 120.0 352 1543 295 183.8 26.1 2105 24.0 235.1 222 2582 212
Na(11) 94.0 23.1 1262 37.1 162.3 312 1935 27.6 221.7 254 247.8 235 2723 22.6
Mg(12) 100.2 24.6 134.6 39.8 173.3 333 206.7 29.6 237.0 273 265.0 254 2914 242
Al(13) 103.8 25.6 139.6 413 179.8 34.7 214.6 309 246.1 284 2753 264 302.8 252
Si(14) 110.0 27.1 148.2 44.0 191.0 37.0 228.1 33.0 261.8 30.4 293.1 283 3225 27.1
P(15) 112.7 278 151.8 45.1 195.8 38.0 2339 339 268.7 31.2 300.8 29.1 331.1 279
S(16) 118.2 29.2 1593 474 205.6 40.1 2458 35.8 2824 329 3164 30.7 348.5 295
CI(17) 120.0 29.8 161.8 482 209.0 40.8 2499 36.4 287.2 33.6 321.8 314 3545 30.1
Ar(18) 125.1 31.1 168.9 50.5 2182 42.7 261.1 38.2 300.3 353 336.6 32.9 371.0 31.7
K(19) 127.9 31.9 172.7 51.7 2233 439 267.3 39.2 307.5 363 3448 33.9 380.2 325
Ca(20) 131.7 328 178.1 53.5 230.3 453 2759 40.5 317.5 375 356.2 35.1 3929 338
Sc(21) 133.5 334 180.5 544 233.6 46.0 279.9 412 3222 38.1 361.5 35.7 398.8 344
Ti(22) 137.1 343 185.5 559 240.1 47.5 287.9 425 331.5 394 3722 36.9 410.7 355
V(23) 139.9 35.1 189.4 572 2454 48.6 2943 43.6 339.1 404 380.7 37.9 420.3 36.4
Cr(24) 143.9 36.1 194.9 59.0 252.7 50.2 303.1 45.0 3494 418 392.6 39.1 433.5 3738
Mn(25) 146.8 37.0 199.0 60.3 258.1 513 309.7 46.2 3572 428 4014 40.2 4434 38.7
Fe(26) 150.5 379 204.1 62.1 2649 52.8 318.1 475 367.0 44.1 412.6 41.4 4559 399
Co(27) 153.5 38.9 2084 63.4 270.6 54.1 325.1 48.7 3752 452 422.0 425 466.5 41.1
Ni(28) 159.0 40.2 216.0 66.0 280.7 56.4 3375 508 389.7 47.1 438.5 44.4 485.0 429

2E; indicates the recommended midpoint of each energy range, and AE; is the corresponding energy interval. All energies have a unit of MeV/nuc.
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Figure 6. Comparison between energy spectra from
CREME96/Nymmik model (dotted line), and Badhwar and
O’Neill model (dashed line), which are digitized from Davis
et al. [2001, Figure 4] and that from our model (solid line),
for elements C, O, Si, and Fe in 1997. Note that the energy
spectra of Si for Badhwar and O’Neill model is missing.
In addition, the ACE/CRIS (circles) and SIS (squares) mea-
surements for the elements studied during September 1997
to March 1998 are also shown.

with different a(?), i.e., I(z,f) ~ 109, The variation of «
with time ¢ is shown in Table 1.

[18] After getting the above parameters, the integral inten-
sity model can be expressed as equation (6). So we can get
the estimation of integral intensity over the energy interval
of CRIS measurement for any element z from 5 to 28 and
any year ¢ from 1997 to 2011.

I"(z, ) = Z"(z, £)10%® (6)

[19] In order to evaluate the integral intensity model, we
compare the modelling intensities /"(z,f) with the obser-
vations /(z,#). The solid curves in Figure 3 represent the
modelling results, while the filled stars indicate the obser-
vations. It can be seen that the modeling results agree quite
well with the observations for all elements (5 < z < 28)
and all years (1997 < ¢ < 2011). To further validate the
integral intensity model, we compute the misfit £(7) with
equation (7)

28

E() = %Z

I"(z,0)—1(z, 1)

100% 7
o R %

We find that the misfit for all years are within 5% except for
the year 1997 that is approximately 10%, which indicates the
integral intensity model is generally acceptable.

3.2. Spectral Shape Function

[20] Generally, the spectra of all elements share the same
shape in the same year (Figure 1). In addition, the spectral
shape may change under different solar modulation strength,
e.g., the spectra for solar maximum is slightly different from
that for solar minimum (Figure 2). Therefore, it is reasonable
to assume that all elements share the same spectral shape
which varies gradually over different years, and we can fit
the spectral shape with an appropriate formula.

[21] It is essential to decide with what kind of spec-
tral shape to fit observational data. Zhang [1999] used the
following model to describe the interstellar GCR proton
spectrum,

Jim(p) o< (mic® +p?) " p. ®
After testing with the ACE/CRIS data, we adopt a similar

format to fit the energy spectrum shape of elemental GCR in
the solar wind

E?+2EE (E+Ey\""
— ) ©

8(E, 1) P E
where E is the kinetic energy per nucleon for any heavy ion
of the year ¢, E,, = 1 GeV, E, is the rest energy of proton,
and 7(?) is a parameter as a function of the year .

[22] In order to get the spectral shape g(E,f), we have
to obtain the parameter () for each year by fitting the
ACE/CRIS data with the equation (9). For each year and ele-
ment, we multiply the flux from ACE/CRIS measurement by
a free parameter to get the best fit of the model shown in the
equation (9). Figure 5 shows an example to fit the ACE/CRIS

| T L —

Our Model
— — |— — Badhwar & O’Neill, 2010

_k
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1
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e
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Differential Flux (Particles/(sr-cm—2—s—MeV/nuc))
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50 100 200 500
Kinetic Energy (MeV/nuc)
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Figure 7. Comparison between energy spectra from
Badhwar & O’Neill 2010 model (dotted line, digitized from
O’Neill [2010, Figures 3 and 4] and that from our model
(solid line) for O (abundant element) and P (rare element).
In addition, the ACE/CRIS (circles) measurements are also
shown.
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Figure 8. Intensity modulation parameter «(¢), averaged IRP p(#), and spectral shape function parameter
n(¢) by fitting ACE/CRIS measurements to our spectra model (circles). (a, ¢, and ¢) show the parameters
varied with sunspot numbers of the previous year, SSN(¢#—1), while (b, d and f) show the parameters varied
with year(#). Solid lines in Figures 8a, 8c and 8e indicate linear fitting of the parameters to SSN(#—1), from
which the parameters are estimated with SSN over the last three solar cycles shown with solid curves in

Figures 8b, 8d and 8f.

data with the spectral shape for the year 2011, and the best
n(t =2011) we get is —5.14. For each year of 1997-2011, we
fit the spectral shape to get the best 7(#), which are shown in
the Table 1.

3.3. Final Energy Spectra Model

[23] With all the above procedures, we can finally write
the energy spectra model for any element z, year ¢, and
kinetic energy per nucleon E as

Sz, t, E) = I"(z, ON(z, DE(E, ) = Z"(z, ) 10°ON(z, )g(E, )  (10)

where N(z,{) indicates a normalize factor function, which
can be obtained using the equation (11)

7 -1
NGz, 1) = (Z g(E;, z)AEi)

i=1

(1)

[24] We show the results from this model for all elements
for both solar minimum (year 2002) and maximum (year
2008) with solid curves in Figure 1, which agree remarkably
well with the ACE/CRIS observations (stars in Figure 1) for
most elements. Even though the spectra model is deduced
from the data sets of CRIS, we can extend the modeling
results to lower energy with extrapolation. Surprisingly, the
extended spectra still agree quite well with measurements

from SIS at lower energy (circles in Figure 1) for most GCR
elements, e.g., elements Na, Mg, Al, Si, and Fe.

[25] Furthermore, we show the comparison between the
modeling results and observations from both CRIS and SIS
for element Mg(12) in the energy range from 30 to 350
MeV/nuc over the period 1997-2011 in Figure 2. The mod-
eling results agree well with the observations, especially
during the solar minimum.

[26] Table 1 shows the parameters «(f), n(?), p(?),
and Z(z) used in our elemental GCR model. In addition,
Table 2 shows the measurement energy intervals of
ACE/CRIS downloaded from ACE Home page (http://www.
srl.caltech.edu/ACE/ASC/) used in equations (1) and (11),
where E; indicates the recommended midpoint of each
energy range and AE; is the corresponding energy interval.
All energy has a unit of MeV/nuc.

[27] In order to compare our model with the others, in
Figure 6, we show results from CREME96/Nymmik model
(dotted line) and Badhwar and O’Neill model (dashed line),
which are digitized from Davis et al. [2001, Figure 4] as
well as that from our model, for elements C, O, Si, and
Fe for the year 1997. In addition, following Davis et al.
[2001], we show the ACE/CRIS (circles) and SIS (squares)
measurements for the elements studied during Sept. 1997
to March 1998. From the figure, we can see for the
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Figure 9. Energy spectra for C(6), O(8), Ne(10), Mg(12)
and Si(14) during 1974-1976. Diamonds indicate the
observed spectra by IMP-8 spacecraft [digitized from
Garcia-Munoz et al., 1977], and solid curves indicate the
average of modeling spectra for the years 1974—1976 using
our spectra model with extrapolated parameters.

elements, time period and energy range studied, that our
model reproduces ACE observations better than the other
two models.

[28] Recently, Badhwar and O’Neill model is revised
based on the newer ACE measurements and could be
named as Badhwar and O’Neill 2010 model [O 'Neill, 2010].
Figure 7 shows comparison between energy spectra from
Badhwar and O’Neill 2010 model, which is digitized from
O’Neill [2010, Figures 3 and 4] (dotted line) and that
from our model (solid line) for O (abundant element) and
P (rare element). In addition, the ACE/CRIS (circles) mea-
surements are also shown. From the figure, we can see
that both of the models do not agree with ACE measure-
ments for P (rare element) very well due to the data’s low
statistics. But for O (abundant element), the Badhwar and
O’Neill 2010 model is improved compared to the orig-
inal Badhwar and O’Neill model, and both the models
Badhwar and O’Neill 2010 model and our model agree with
ACE/CRIS measurements very well. However, our model
still shows better performance than the Badhwar and O’Neill
2010 model.

3.4. Prediction of GCR

[29] A successful GCR spectra model should charac-
terize the time-variation of GCR flux. The Badhwar and
O’Neill model and the CREME96/Nymmik model achieve
the goal through different approaches. Our model is similar
to CREME96/Nymmik model in the approach.

[30] As shown in Figure 8, the intensity modulation
parameter «/(f), averaged intensity ratio percentage p(f) (see
Appendix B for detail), and energy spectra parameter 7(¢)
exhibit strong correlation with solar activity. Similar to
the CREME96/Nymmik model, we directly relate the three
parameters, a(?), p(¢), and 7(¢) to the sunspot number (SSN),
and reconstruct the parameters with continuous SSN record.
However, the correlation between the SSN and the GCR
intensity at near-Earth environment is not simple, e.g., there
is a time-lag between the SSN and GCR intensity level near
Earth, since it takes time for the dynamic solar wind plasma
and the embedded interplanetary magnetic field to propagate
to the boundary of the heliosphere. Badhwar and O ’Neill
[1993] suggested the time delay is about 270 days (10 Bar-
tel Rotation period), but Tylka et al. [1997] assumed the time
delay is approximately 1 year. However, Nymmik and Suslov
[1995] showed that the time lag is rigidity-dependent and
varies during the odd and even solar cycles. In our case, we
follow the CREME96/Nymmik model and take the time lag
as 1 year for simplicity. We have also tried other proxies of
solar activity, e.g., counts rates from neutron monitor (NM)
with various cutoff rigidities. However, as mentioned above,
the NM count rates are sensitive to the reaction products of
higher energy cosmic rays (1-20 GeV), and may underes-
timate the lower energy part of the GCR spectra [Usoskin
et al., 2011]. Generally, the SSN shows superior perfor-
mance for our case. Even so, we should bear in mind that we
do not have a way to predict the proxies reliably in the future.

[31] In Figures 8a, 8c and 8e, we study a(?), p(t), and n(¢)
varied with sunspot numbers of the previous year, SSN(¢—1).
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Figure 10. Energy spectra of C(6), O(8), Ne(10), Mg(12),
Si(14) and Fe(26) for the year 2012. Open squares and cir-
cles denote the observed spectra from SIS and CRIS, respec-
tively. Solid curves indicate the modeling spectra using our
spectra model with extrapolated parameters.
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In Figures 8b, 8d and 8f, we show the same parameters
varied with time ¢. From Figure 8a, we can see that the inten-
sity modulation parameter «(f) shows strong anti-correlation
with sunspot numbers of the previous year, SSN(¢— 1), and
the linear fitting of the a(¢) to SSN(z—1) as

a(f) = -3.89 — 0.00620 x SSN(t— 1). (12)
Using the regression line equation (12) and the SSN records,
we reconstruct the intensity modulation parameter o(¢) for
the last three solar cycles (1980—present) (solid line in Figure
8b). Similar to the intensity modulation parameter, the aver-
age intensity ratio percentage (p(f)) (Figure 8c) and the
energy spectra parameter 7(f) (Figure 8e) exhibit positive
linear correlation with SSN, so p(#) and 7n(f) can be linearly
fit as

B(t) =—2.65-0.0566 x SSN(t— 1), (13)

and

n(f) =—=5.21+0.0115 x SSN(t— 1), (14)

respectively. Furthermore, we use the regression line
equations (13) and (14) and the SSN records to reconstruct
the p(¢) and n(¢) for the last three solar cycles shown with
solid lines in Figures 8d and 8f, respectively. We also show
the parameters «(f), p(f), and 7n(¢) fit from ACE/CRIS data
during 1997-2011 as circles in Figure 8. From Figures 8a,
8c and 8¢, we can see, the parameters reconstructed using
regression line equations and SSN records (solid lines) agree
very well with the ones fit from ACE/CRIS data (circles).
[32] To further validate our model, previous observa-
tions were compared with the prediction of our model. The
GCR flux of several elements, including C, O, Ne, Mg
and Si, were measured by IMP-8 spacecraft during 1974—
1976 [Garcia-Munoz et al., 1977]. These data represented
the best available solar minimum heavy-ion spectra in the
energy range 50—-1000 MeV/nuc [Davis et al., 2001]. Unfor-
tunately, the heavy-ion spectra from IMP-8 for other time
periods have not been published to the best of our knowl-
edge. Using the reconstructed parameters, we reproduce the
GCR fluxes for the years 1974-1976 for the five elements
using our spectra model, from which we get the average
fluxes for the period 1974-1976, which fit the observa-
tions quite well within the studied energy range (Figure 9).
It is thus suggested that our model can reproduce the heavy-
ion spectra in the past with reasonable accuracy. Hence, we
expect that our model can also produce reliable spectra pre-
diction for the year 2012 using SSN of the year 2011. At
the time this manuscript is prepared, we can access the GCR
measurement from ACE spacecraft for the first 11 months
of the year 2012. Figure 10 presents the spectra comparison
of element C(6), O(8), Ne(10), Mg(12), Si(14) and Fe(26)
between the observations and modeling results. It is shown
that the spectra using our model agree remarkably well with
the observations. Of course, more elemental GCR spectra of
heavy nuclei in the future are needed to further validate our
model. The ACE spacecraft is scheduled to remain opera-
tional until 2014, so we can continue to use the GCR spectra
observations from ACE spacecraft for the modeling test.

4. Conclusion and Discussion

[33] In this paper, we present an ACE/CRIS-observation-
based elemental GCR spectra model. Our model is entirely

characterized by four parameters, including the averaged
intensity ratio Z(z) and the averaged intensity ratio percent-
age (IRP) p(¢), which represents the relative intensity of
each element, intensity modulation parameter «(f), which
relates the varying GCR intensity to the solar activity, and
the spectral shape function parameter 7(f), which describes
the GCR energy spectra depending on the solar activity.
Although the model seems to be too simple compared with
the previous comprehensive GCR models, e.g., ACR and
SEP models are included in CREME96/Nymmik model pri-
marily based on the SAMPEX results [Tylka et al., 1997],
our model gives reasonably accurate fits to the ACE/CRIS
measurements of GCR, with misfit less than 5%, and the
modeling results are also in good agreement with the GCR
spectra from ACE/SIS measurements for the near-earth radi-
ation environment, especially during the solar minimum.
So it is claimed that our model can give adequately accu-
rate energy spectra of heavy nuclei and that it is useful,
e.g., for manned space mission in understanding the near-
earth radiation environment within the energy range 30-500
MeV/nuc. Additionally, the comparison between the mod-
eling results and observations from both ACE and IMP-8
spacecraft demonstrates the reliability of our model.

[34] Compared with previous elemental GCR models, the
spectra model we present has some features as follows.
First, our model is based on highly statistically precise
data from ACE/CRIS, so it provides improved fitting to
the ACE measurements. Therefore, there exist less statis-
tical and systematic uncertainties. Second, our model is
an empirical and phenomenological one, which is derived
completely from observations, without consideration of the
physical process such as diffusion and convection for GCR’s
propagating through the heliosphere, so it is more straight-
forward and applicable in practice. Note that Paouris et al.
[2012] provides a GCR modulation model using a series
of solar activity indices and heliospheric parameters, such
as sunspot number, interplanetary magnetic field, coronal
mass ejections index, heliospheric current sheet, monthly
flares number, geomagnetic index, flare index, and number
of CMEs, etc. However, we only use the sunspot number for
predicting the parameters in our model. Relatively speaking,
our model is simpler and more convenient. In fact, since our
model is very simple and all of its parameters are shown, our
model can be easily coded by following this article.

[35] Inthis work, we make two assumptions for simplicity
purpose, which may be violated in practice, so the inaccu-
racy could be introduced. First, we assume that all elements
share the same spectral shape that is only a variable of time.
However, this assumption is not accurate for representing
the spectra of all elements, since the spectra of the abundant
elements are different from that of the rare species. How-
ever, we can still claim that the assumption is good enough in
the energy range studied, especially for the relative abundant
elements which contribute mostly to the radiation hazard.
Furthermore, we assume that the intensity ratio percentage
(IRP) for all the elements are generally the same, except
C(6), O(8) and Fe(26). However, it is shown that the assump-
tion is approximately valid for ACE/CRIS measurements
(see Appendix B).

[36] In order to evaluate our model, it is necessary for
us to compare our results with that of the previous mod-
els that are widely used. However, it is not easy for us to

1845



ZHAO AND QIN: AN OBSERVATION-BASED GCR MODEL OF HEAVY NUCLEI

107 s T T | ——— RS S
’ Element O(8) (a) 1 #* CRIS | Year 2002 (b)
2 1 10°H o sis Q/‘/M .
3 1
= . 1
-
L 1997, Raw data oxs & //
I &
oS
T 10 R s/e/“ﬁﬁ
™ /
g 107 Cx2 @ 2 i
3 / 1
2 ]
= Mgx4 & 5 |
& ) |
= . W
= Six2 c/d;//i 1
—_— ] —6 | |
g 0 1078 kb , ]
g Fex1 o2
= ]
A +« CRIS ——e—— Thresholding Despiking
o SIS Flag from SIS ]
L L 1 [ | L
10 20 50 100 200 500 10 20 50 100 200 500

Kinetic Energy (MeV/nuc)

Figure Al.

Kinetic Energy (MeV/nuc)

(a) Comparison of O spectra between raw and despiked data. Stars and circles denote

ACE/CRIS and ACE/SIS data, respectively, with open symbols for raw data and filled symbols for
despiked data. Flux data of the year 1997 and that of the year 2009 are shown with dark and grey sym-
bols, respectively. (b) Comparison of spectra of elements between despiked data with flag obtained with
our method [Qin et al., 2012] denoted as “Thresholding Despiking”, and that with the solar activity flag
provided by SIS data denoted as “Flag from SIS”. The symbols are similar to Figure Ala, except that the
grey ones indicate the data despiked with “Flag from SIS”.

code those models independently by just following the lit-
eratures; here we only obtain the results of some models
by digitizing figures in literatures, so we only make some
preliminary comparison between our model and other ones.
In the future, we would collect more data sets to further
validate our model. Moreover, we need to compare our
model with previous ones much more completely.

Appendix A: Despiking of Flux Data

[37] Recently, based on the Poincare map thresholding
method [Goring and Nikora, 2002], Qin et al. [2012] used
a robust automatic despiking algorithm to “purify” the time-
series GCR fluxes from spacecraft observations. In this
work, with the same despiking algorithm as in Qin et al.
[2012], we use O(8) data of SIS measurements to flag peri-
ods of spikes, potentially caused by SEP events. Therefore,
we can get the background yearly elemental fluxes of heavy
nuclei of SIS measurements by getting rid of the flag periods
of data contaminated by SEPs. Figure Ala shows the com-
parison of energy spectra for O(8) of the year 1997 (dark)
and 2009 (grey). Since in the year 2009 all the elemental
fluxes of SIS data contain much fewer spikes due to the pro-
longed solar minimum and are dominated by the background
GCR or ACR component, they have the same values after
the despiking, so here we only show the raw data from SIS.
It is shown that in the year 1997 the raw data spectrum at
lower energy (SIS data points) have a form of power-law
with negative spectral index ~ —2, and after despiking, it is
reduced to a much lower level to closely track the raw data
of the year 2009.

[38] We also note that the data from SIS instrument
include a “solar activity flag” that flags periods with sig-
nificant SEP contributions, and we can calculate the yearly

averaged fluxes by getting rid of the periods of data with
such flag. Figure A1b illustrates the energy spectra of year
2002 for several elements (including O, C, Mg, Si, and
Fe) from CRIS and SIS instruments. The SIS data are
despiked in two different ways. The first way is to despike
the data with flag obtained with our method [Qin et al.,
2012] denoted as “Thresholding Despiking”, and the sec-
ond one is to despike the data with the solar activity
flag provided by SIS data denoted as “Flag from SIS in
Figure A1b. It is shown that the spectra from the two meth-
ods are almost identical, above 30 MeV/nuc, even during
the solar maximum dominated by SEP events, which vali-
dates our despiking method [Qin et al., 2012]. Especially,
our despiking method could be helpful for other spacecraft
data when such a solar activity flag is not provided.

Appendix B: Intensity Ratio

[39] The intensity ratio characterizes the relative intensity
of each element. The construction of the intensity ratio is
introduced briefly here.

[40] The intensity ratio is defined as equation (2), and
averaged intensity ratio Z(z) as

2011

, 1
A= 15 > Zez.

=1997

(BI)

[41] As an example, Figure Bla shows the intensity ratio
of Si with respect to O. It is shown that the intensity ratio
Z(z = 14,1), with averaged value Z(z = 14) ~ (.23, varies
from 0.21 to 0.26 with time and exhibits positive correlation
with the solar activity. Mason et al. [1997] found the similar
results that the abundance ratio of any element with respect
to O (e.g., C/O, Mg/O, or Fe/O) depends on solar wind speed
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and essentially correlates with solar activity. The intensity
ratio of the majority elements also exhibit the similar vari-
ation pattern. Figure B2 shows the averaged intensity ratio
Z(z) for elements (5 < z < 28). It is shown that Z(z) gener-
ally share similar characteristics with the common elemental
abundances of GCR, e.g., odd-even law and Fe-peak. It is
noted that for O(8), Z(z = 8, ) = Z(z = 8) = 1. We also show
Z(z) in Table 1.

[42] Since the intensity ratio Z(z, f) varies with time, with
a variation amplitude depending on the averaged ratio Z(z),
we define the intensity ratio percentage (IRP)

Z(z,0)-Z
sty = ZED=ZE 000, (B2)
VZ(2)
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Figure B2. The averaged intensity ratio Z(z) for elements
from boron to nickel.

Although different elements have different ratio variation
amplitudes, the IRP of any certain year are nearly identi-
cal for the majority of the elements (except C, O and Fe).
Figure B1b shows the intensity ratio percentage (IRP) var-
ied with time for Si (circles, one of normal elements) and Fe
(triangles). We can see that the IRP for both Fe and Si are
correlated strongly with solar activity, the only difference is
that the variation amplitude of IRP for Fe is approximately
three times larger. In addition, the IRP of C (not shown)
varies irregularly and approximately remains zero, thus the
IRP of C(6) is set to zero for this model, i.e., p(z = 6,7) = 0.
In addition, for O(8), since Z(z = 8,¢) = Z(z) = 1, the IRP of
O(8) is also zero. Furthermore, we average the IRPs over all
elements (except C, O and Fe) for each year to obtain p(¢)
shown in Figure Blc and Table 1. The grey shadow indi-
cates the £4 statistical error. It is shown that the IRP varies
within £5% for normal elements. In addition, the averaged
ratio between p(z = 26, ) and p(¢) is 3.3. Based on the above
analysis, we make the second assumption in our model that
the IRP for all the elements (except C(6), O(8) and Fe(26))
can be replaced with its average, which correlates strongly
with solar activity. Furthermore, from equations (B2)

we can get
~ p(Z, t)
Zz0=2z) 1+ 522 .
( vZ(Z))

[43] This way, we get the intensity ratio model Z"(z, f) for
elements 5 <z <28 as

(B3)

(B4

2 =2 (1 . A(z)ﬁ(r)) ,

VZ(z)
where A(z = 6) = 0, A(z = 8) = 0, A(z = 28) = 3.3, and
A(z) = 1 otherwise.
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