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Abstract. Studying the access of the cosmic rays (CRs) into

the magnetosphere is important to understand the coupling

between the magnetosphere and the solar wind. In this pa-

per we numerically studied CRs’ magnetospheric access with

vertical geomagnetic cutoff rigidities using the method pro-

posed by Smart and Shea (1999). By the study of CRs’ ver-

tical geomagnetic cutoff rigidities at high latitudes we ob-

tain the CRs’ window (CRW) whose boundary is determined

when the vertical geomagnetic cutoff rigidities drop to a

value lower than a threshold value. Furthermore, we stud-

ied the area of CRWs and found out they are sensitive to

different parameters, such as the z component of interplan-

etary magnetic field (IMF), the solar wind dynamic pressure,

AE index, and Dst index. It was found that both the AE in-

dex and Dst index have a strong correlation with the area of

CRWs during strong geomagnetic storms. However, during

the medium storms, only AE index has a strong correlation

with the area of CRWs, while Dst index has a much weaker

correlation with the area of CRWs. This result on the CRW

can be used for forecasting the variation of the cosmic rays

during the geomagnetic storms.

Keywords. Magnetospheric physics (energetic particles

precipitating)

1 Introduction

The ionosphere and atmosphere of the Earth at high and mid-

dle latitudes can be affected by the energetic particles which

enter the magnetosphere at low altitudes (Nesse Tyssøy et al.,

2013; Galand, 2001). The knowledge of the variation of the

energetic particles in the Earth’s magnetosphere is important

for studying the coupling between the solar wind and the

Earth.

The access of energetic cosmic rays into the magneto-

sphere is controlled by the magnetic field. Störmer (1955)

first theoretically described the behavior by assuming the

magnetic field is a dipole field. In a pure dipole magnetic

field, particles are shielded by a potential barrier from an in-

ner forbidden region whose boundary is defined by the fol-

lowing equation as (Störmer, 1955)

r =

√
Mq

mvc

cos2λ

1+
√

1+ cos3λ
, (1)

whereM is the dipole moment, λ is the geomagnetic latitude,

r is the radial distance from the center of the dipole the units

of r is the radial distance from the center of the dipole, the

units of r are RE, c is the speed of light, q is the charge

of particles, and v is the particle speed. In order to predict

the energetic particles transport to a specific location through

the magnetosphere, the concept geomagnetic rigidity is used.

The geomagnetic rigidity is defined asR =mvc/q, wherem,

v, and q are the mass, speed, and charge of particle, and c is

the light speed.

For each location on the Earth there is a rigidity. In the

case that the particles’ rigidity is less than the rigidity of a

location on the Earth, they cannot reach that location – this

rigidity is called geomagnetic cutoff rigidity. From Eq. (1),

the cutoff rigidity at any point in space can be expressed as

R(GV)=
C

r2

cos4λ

(1+
√

1+ cos3λ)2
, (2)

where constant C = 60 is derived by the dipole model, and

GV is the unit of the rigidity. It is noted that there are some
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drawbacks of this model, especially at the high latitudes, be-

cause the centered-dipole field is only a rough approximation

of the true geomagnetic field, and the influence of the solar

wind is not considered. However, precise knowledge of ener-

getic particles in the magnetosphere becomes more and more

important for the security of spacecraft and astronauts.

Recently, Smart and Shea did a series of studies (Smart,

1999; Smart et al., 2000; Shea and Smart, 2001; Smart and

Shea, 2003a, 2005) to determine the geomagnetic cutoff

rigidities from charged particles trajectories by numerically

solving Newton’s equation of motion. This method is very

accurate for calculating cosmic ray cutoff rigidities as long as

the magnetospheric field is accurate enough and large-scale

computer power is available.

The polar region is very active where energetic particles

can access the magnetosphere easily, so it is very interest-

ing to study cosmic ray geomagnetic cutoff rigidities in this

region.

Dungey (1962) suggested that the z component (the north-

ward component) of the interplanetary magnetic field (IMF),

Bz plays an important role in coupling between the solar

wind and the magnetosphere. (Kanekal et al., 1998) ana-

lyzed the high-latitude energetic particle cutoff rigidity using

the data obtained from the SAMPEX satellite and suggested

that the parameters of the Bz component of IMF and the so-

lar wind speed should be considered. Furthermore, Shimazu

et al. (2006) found that the cutoff latitude of 1 MeV protons

becomes lower when the Bz turns from north to south, while

10 MeV protons do not have such an effect. Tyssøy and Stad-

snes (2014) used the measurements from the Medium En-

ergy Proton and Electron Detector on all available Polar Or-

bit Environment Satellites (POES) to study the variation of

the cutoff latitudes and provided a simple applicable param-

eterization as a function of the Dst index which represents the

disturbed magnetic field at the dipole equator on the Earth’s

surface, Bz, and solar wind pressure Pdyn. However, Kress

et al. (2004) found that the smallest cutoff rigidity did not

happen at the time when Dst reached the smallest value but

> 10 h prior to the minimum Dst. In addition, Leske et al.

(2001) and Kress et al. (2010) found that in the main phase

of a geomagnetic storm there is not an obvious correlation

between variations of the Dst index and that of the cutoff

rigidity.

It is important to study the relationships between the cutoff

rigidity and the solar wind, and also between cutoff rigidity

and geomagnetic conditions during the geomagnetic storms

directly. In this paper, we use the geomagnetic cutoff rigid-

ity to define a cosmic ray window (CRW) at higher latitudes.

With the variations of CRW areas we quantitatively study the

access of the cosmic rays into the magnetosphere at high lati-

tudes during different interplanetary and geomagnetic condi-

tions. In Sect. 2 the method used is introduced. In Sect. 3 the

main results are shown. In Sect. 4 we show the conclusions

and discussions of the paper.

2 Models and methods

The equation of charged particle’s motion in the magneto-

sphere can be written as

dp

dt
= qv×B, (3)

where p is the relativistic momentum of the particle, v is the

velocity, q is the charge, and B is the magnetic field. Here

the electric field is ignored.

Following Smart et al. (2000) we calculate charged parti-

cle trajectories time-backwards with some rigidity at some

position on Earth. If a particle can reach the boundary of

magnetosphere before its total trajectory path length exceeds

1000RE, the rigidity is considered an allowed rigidity (Kress

et al., 2004). However, if the particle intersects the solid Earth

or the particle is still moving in the magnetosphere after its

total trajectory path length exceeds 1000RE, the rigidity is

considered as a forbidden one.

The lowest rigidity above which all rigidities are allowed

is denoted as the upper cutoff rigidity Rmax, and the highest

rigidity below which all rigidities are forbidden is denoted as

the lower cutoff rigidity Rmin. From a rigidity much higher

than the possible Rmax to a rigidity much lower than the pos-

sibleRmin, we scan the rigidity values at the discrete intervals

δR = 0.001 GV. In this way, we obtain the values of Rmax

and Rmin, and the allowed and forbidden rigidities between

Rmax and Rmin denoted as δRallowed and δRforbidden, respec-

tively. Thus the effective cutoff value, Reff, is calculated with

the formula

Reff = Rmax−

Rmax∑
Rmin

δRallowed. (4)

In our numerical method, Eq. (3) is integrated with the

fourth order Runge–Kutta method. The step size in time is set

to be equal to 0.01 of particles’ gyro-period throughout the

trajectory (Kress et al., 2004). The x, y, z coordinates are ap-

plicable when using the magnetospheric coordinates which

are right handed, orthogonal, Earth centered coordinate sys-

tems (Smart et al., 2000). The coordinates we use here are the

GEO (geographic coordinate system) and GSM (geocentric

solar-magnetospheric).

We consider particles access the position from the verti-

cal direction. So the initial velocities vxi (xi = x,y,z) of the

particles at the given position x, y, z are

vxi = v
xi√

x2+ y2+ z2
, (5)

where v is the initial velocity of particles, and the altitude of

the position is set to be 450 km as the initial position accord-

ing to Smart and Shea (2003b). In addition, the inner bound-

ary is set to be 1.0RE from the Earth center, and the outer

boundary is the magnetopause determined by the subroutine
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Figure 1. The allowed (white) and forbidden (black) cutoff rigidi-

ties in vertical direction at longitude −40◦, north latitude 30◦.

T96-MGNP-08 in the GEOPACK-2008 (Tsyganenko, 1995)

package.

The magnetospheric field is a combination of the extrater-

restrial and internal field. The semi-empirical best-fit magne-

tospheric model, Tsyganenko 96 (T96) model (Tsyganenko,

1995, 1996; Tsyganenko and Stern, 1996) based on a large

number of satellite observations is used as the extraterrestrial

background magnetic field. T96 has a realistic shape and size

of magnetopause, based on fits to a large number of observed

crossings. The T96 magnetic field model is driven by 10 pa-

rameters: solar wind pressure Pdyn, Dst index, the By and

Bz components of the interplanetary magnetic field, and six

variablesWk which describe individual field sources as time-

varying function of geoeffective solar wind parameters.

The internal field model we use here is the interna-

tional geomagnetic reference field (IGRF) model (http://

www.ngdc.noaa.gov/IAGA/vmod/igrf.html). The model is a

standard mathematical description of the Earth’s main mag-

netic field and its secular variation. The IGRF models are

standardized for a particular year, reflecting the most accu-

rate measurements available at that time, and indicating a

small-scale, slow time variation of the Earth’s overall mag-

netic field. To calculate the internal sources contribution and

coordinate transformations we use the package GEOPACK-

2008 provided by the author of T96.

All the above computer codes for magnetospheric

field and input parameters we use are downloaded

from the websites: http://geo.phys.spbu.ru/~tsyganenko/T96.

html and http://geo.phys.spbu.ru/~tsyganenko/TS05_data_

and_stuff/. The Dst index is downloaded from http://wdc.

kugi.kyoto-u.ac.jp/dstdir.

Figure 1 shows the allowed (white) and forbidden (black)

rigidities in vertical direction at longitude −40◦, north lat-

itude 30◦. The upper cutoff Rmax = 2.964 GV, lower cutoff

Rmin = 2.513 GV, and effective cutoff Reff = 2.615 GV. It is

shown that cosmic rays are all allowed with vertical rigidi-

ties higher than Rmax, and they are all forbidden with ver-

tical rigidities lower than Rmin. In addition, they are either

allowed or forbidden to access with rigidities between Rmax

and Rmin.

As the polar region is very active, here we focus on the

vertical rigidities of cosmic rays at high latitudes. Please note

that all the following cutoff rigidities are referred to as the

effective cutoff rigidities.

Different from the cutoff latitudes we here define a region,

cosmic rays window (CRW), where the vertical cutoff rigidi-

Figure 2. The variations of the area of the CRW for different rigidi-

ties. The curves from bottom to top are for values of Mt that are

equal to 10, 20, 40, 100 and 500 MV, respectively.

ties of energetic particles are less than or equal to a thresh-

old value, Mt . Figure 2 shows the variations of the area of

the CRW for different threshold values,Mt . The curves from

bottom to top, which are forMt , equal to 10, 20, 40, 100, and

500 MV, respectively. From Fig. 2 we can see that the area of

the CRW for different threshold Mt has a similar trend of

variations. Here, we use a small value, i.e., 20 MV, to study

the relatively lower energy of cosmic rays. Similar results

can be found in both Southern and Northern Hemisphere, and

during both quiet and disturbed periods. A simple example is

given in Fig. 3, the shaded region indicates the CRW, with

the big dot indicating the north magnetic pole.

3 Results

It is well believed that solar activity can significantly influ-

ence the polar region of the magnetosphere, so the CRW

varies with the different parameters of the interplanetary con-

ditions. Therefore, we study CRW with different conditions

of solar wind and magnetosphere.

3.1 Solar wind parameters study of CRW

We take the period 6 July 2001, 12:00 UT, which is a quiet

time with Dst= 6, to study the area of CRW with varying

solar wind parameters, the z component of IMF, Bz, IMF

clock angle, θ , and solar wind dynamic pressure. The IMF

clock angle, θ is defined by tanθ = By/Bz, where By is the

y component of IMF. The solar wind parameters during the

quiet period of 6 July 2001, 12:00 UT are Bz =−0.54 nT,

By =−2.34 nT, and Pdyn = 1.65 nPa. Below, we study the

parameters one by one. In each case, we vary one or two pa-

rameters with the rest solar wind parameters kept as the ones

of the quiet period, so we get varying CRW corresponding to

the varying solar wind parameters.
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Figure 3. The CRW indicated by the shaded region, with the big

dot indicating the north magnetic pole.

Figure 4. The CRW area as a function of the z component of

IMF, all other parameters are the same as that at the quiet time

6 July 2001, 12:00 UT. The y axis has been normalized by the max-

imum area of CRW during this period.

Figure 4 shows the area of CRW as a function of the z

component of IMF, Bz, where the positive Bz indicates the

magnetic field pointing to north. Note that in this figure the

area of CRW is normalized by the maximum value during the

period, and similar normalization is done in other figures. It

is shown that the area of CRW decreases with the increas-

Figure 5. The CRW area as a function of the IMF clock angle, all

other parameters are the same as that at the quiet time 6 July 2001,

12:00 UT. The y axis has been normalized.

ing of Bz. Figure 5 shows the area of CRW as a function of

the IMF clock angle θ which is defined by tanθ = By/Bz,

where By is the y component of IMF and Byz =
√
B2
y +B

2
z

is a constant (here 20 nT). It is noted that Bz is negative when

90◦ ≤ θ ≤ 270◦, and Bz is positive otherwise. In addition, for

any two IMF clock angles, θ1 with Bz1 and By1, and θ2 with

Bz2 and By2, if θ1+ θ2 = 360◦, Bz1 = Bz2 and By1 =−By2.

From Fig. 5 we can see that the area of CRW is increasing

with the decreasing of Bz, which is consistent with the Fig. 4.

Furthermore, Fig. 5 shows that for conditions with same Bz
but opposite value ofBy , the area of CRW is the same. There-

fore, from Figs. 4 and 5 we can see that there is a strong anti-

correlation between the area of CRW and Bz, but there is no

significant correlation between CRW and By .

Figure 6 shows the relationship between the area of CRW

and the solar wind dynamic pressure Pdyn with the solid and

dotted lines indicating Bz = 5 nT and Bz =−5 nT, respec-

tively. From the figure we can see that generally with the

same Bz the area of CRW increases with the increasing of

Pdyn. In addition, as shown in previous figures, the area of

CRW with negative Bz is larger than that with positive one.

Based on the above results we can see that both Bz and

Pdyn influence the area of CRW, but the determining factor is

Bz.

3.2 CRW during geomagnetic storms

Next, we studied the variations of the CRW during three pe-

riods of geomagnetic storms. The first geomagnetic storm is

a strong one and it occurred on 13 November 1998, with the

minimum Dst index −131 at 22:00 UT of that day. Figure 7

shows Bz (top panel), Pdyn (second panel), the normalized

Ann. Geophys., 34, 45–53, 2016 www.ann-geophys.net/34/45/2016/
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Figure 6. The area of CRW and the solar wind dynamic pressure

(Pdyn) with solid and dotted lines indicating the positive and nega-

tive z component of IMF, respectively, all other parameters are the

same as that at the quiet time on 6 July 2001, 12:00 UT. The y axis

has been normalized.

Figure 7. Bz (top panel), Pdyn (second panel), the normalized area

(third panel), the AE index (fourth panel), and the Dst index (bot-

tom panel) as a function of time during 12–16 November 1998. The

x coordinate of black dots in the third panel represents the selected

time at which the CRWs are calculated. Note that the y axis of the

area panel has been normalized.

area (third panel), the AE index (fourth panel), and the Dst in-

dex (bottom panel) for this period. The x coordinate of black

dots in the third panel represents the selected time at which

the CRWs are calculated.

The second geomagnetic storm, which is also a strong one,

occurred on 15 December 2006 with the minimum Dst index

−159 at 06:00 UT of that day. The third one is a medium

geomagnetic storm and it occurred on 23 January 2012 with

the minimum Dst index −69 at 06:00 of that day. Figures 8

Figure 8. Same as Fig. 7 except during 5–17 December 2006.

Figure 9. Same as Fig. 7 except during 21–30 January 2012.

and 9 are in the same format as Fig. 7 for the second and third

geomagnetic storms, respectively.

Top panels of Figs. 10, 11, and 12 show the variations of

the area of the CRWs during the first, second, and third mag-

netospheric storms, respectively. In the middle and bottom

panels of the three figures, we also show AE and Dst indices,

respectively. From the figures we can see, during the two

strong storms and medium storm, there is a strong correla-

tion between CRW area and the AE index. However, the Dst

index is only strongly correlated with the CRW area during

the two strong storms.

From Figs. 2 and 7 we can see that the boundary of the

CRW will be extended to mid-latitudes during the geomag-

netic storm, which is consistent with the result given by

Belov et al. (2005).

Then we examined the relationships between the area of

the CRW and the solar wind–magnetospheric conditions. In

many previous studies (Belov et al., 2005; Pchelkin, 2010;

Dmitriev et al., 2010; Kudela et al., 2008) the cutoff rigid-

ity variations during storms have been investigated through

the study of the Dst index. In this work, we studied the rela-

tionships between cutoff rigidity variations and solar wind-

www.ann-geophys.net/34/45/2016/ Ann. Geophys., 34, 45–53, 2016
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Figure 10. The variations of the area and the AE and Dst indices

during 12–16 November 1998. The black dots represent the selected

time to be calculated and the y axis of top panel has been normal-

ized.

Figure 11. The variations of the area and the AE and Dst indices

during 5–17 December 2006. The black dots represent the selected

time to be calculated and the y axis of top panel has been normal-

ized.

magnetospheric conditions such as the z component of the

IMF, the solar wind dynamic pressure (Pdyn), the Dst index

and AE index directly. Such an investigation is quite impor-

tant since it can provide feedback for space weather appli-

cations (Plainaki et al., 2007, 2009; Dmitriev et al., 2010;

Tyssøy and Stadsnes, 2014) related to estimation of the at-

mosphere radiation exposure (Mishev et al., 2011) and to the

secondary cosmic ray particles arriving to the ground.

The simulation results show that there exist good relation-

ships between the area of the CRW and the z component of

IMF Bz, and also between the area of the CRW and the solar

wind dynamic pressure (Pdyn). Figure 13 shows the relation-

ship between the area of CRW and the z component of IMF

Bz. It is shown that there is a negative correlation between the

area of CRW and Bz with CC =−0.86 for the linear fitting

of area of CRW and Bz.

Figure 12. The variations of the area and the AE and Dst indices

during 21–30 January 2012. The black dots represent the selected

time to be calculated and the y axis of top panel has been normal-

ized.

Figure 13. The relationship between the area of CRW and the

z component of IMF during different time of geomagnetic storm

on 13 November 1998. The y axis has been normalized.

Figure 17 is similar to Fig. 13 except that the x axis is Pdyn,

from which we can see that approximately there is positive

correlation between the area of CRW and the Pdyn parameter.

It is well known that the Dst index is a good index for the

magnetosphere storm and it also sometimes has a linear re-

lationship; two of our simulation results also show this phe-

nomenon, but another result shows that it may not be perfect

for the study for the CRW sometimes. Figure 16 shows the

relationship between the area of CRW and Dst index for an-

other geomagnetic storm on 21 January 2012. We can see

that there is no simple relationship between them. We find

that the Dst index has a good relationship during the strong

geomagnetic storm while there is no such relationship during

a medium storm.

Ann. Geophys., 34, 45–53, 2016 www.ann-geophys.net/34/45/2016/
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Figure 14. The relationship between the area of CRW and the AE

index during different time of geomagnetic storm on 13 Novem-

ber 1998. The y axis has been normalized.

Figure 15. The relationship between the area of CRW and the Dst

index during different time of geomagnetic storm on 13 Novem-

ber 1998. The y axis has been normalized.

Instead we find that the auroral electrojet (AE) index is

much better than Dst index which is presented in Fig. 14.

From this figure we can see that approximately there is a pos-

itive correlation between the area of CRW and the AE index,

with the correlation coefficient CC = 0.76 for the linear fit-

ting of area of CRW and AE index.

4 Conclusions and discussions

In our paper the vertical geomagnetic cutoff rigidities at high

latitudes were calculated numerically by solving the trajecto-

Figure 16. The relationship between the area of CRW and the

Dst index during different time of geomagnetic storm on 21 Jan-

uary 2012. The y axis has been normalized. This figure shows that

there is no simple linear relationship between the area of CRW and

the Dst index.

Figure 17. The relationship between the area of CRW and the solar

wind dynamic pressure (Pdyn) during different time of geomagnetic

storm on 13 November 1998. The y axis has been normalized.

ries of cosmic rays in the geomagnetic field as a combination

of the internal (IGRF 2011) and extraterrestrial model (Tsy-

ganenko geomagnetic field models TS96). A cosmic rays

window (CRW) is defined where the vertical rigidities are

less than or equal to a threshold value, Mt . In this paper, we

set Mt = 20 MV.

Our numerical simulations show that the area of the CRW

is related to the solar wind parameters, such as the z compo-

nent of IMF, Bz, and the solar wind dynamic pressure (Pdyn),

among which Bz has the most significant anti-correlation

www.ann-geophys.net/34/45/2016/ Ann. Geophys., 34, 45–53, 2016
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with the CRW, but other solar wind parameters (not shown

here) do not show as strong correlations with the area of

CRW as Bz and Pdyn do.

We also studied CRW in different phases of geomagnetic

storms in detail. We found that there is generally a positive

correlation between the area of CRW and the AE index, and

that there is only strong correlation between the area of CRW

and the Dst index during strong storms. Therefore, our sim-

ulation results suggest that the Dst index is not suitable for

forecasting the entry of the energetic particles into the mag-

netosphere at high latitudes. It is compatible with the results

of Kress et al. (2004, 2010); Leske et al. (2001); Merkin and

Goodrich (2007). This may be caused by the fact that Dst

index represents the disturbed magnetic field at the dipole

equator on the Earth’s surface; when the geomagnetic storm

is not strong enough to affect the ring current the Dst index

does not vary much. The particles can, however, enter into

the magnetosphere from the polar region. The AE index re-

flects the activation of the high latitudes so it has better re-

lationships than the Dst index as AE index is a good index

for both the strong and medium geomagnetic storms. How-

ever the exact reason is still not clear as the magnetosphere

is a very complex and dynamic system. This interesting phe-

nomenon needs to be researched in the future.

We also studied the relationship of the neutron monitor

count rates and the areas of the CRWs (not shown). However,

we found that their correlation is not very strong. The reason

might be that our CRW is defined to reflect the entry of lower

energetic particles to the magnetosphere rather than that of

the relativistic protons. In the future, we would study the en-

try of much higher energy particles, so that our results could

be compared with the neutron monitor count rates (Plainaki

et al., 2007; Cordaro et al., 2001; Storini, 2003; Mishev et al.,

2011; Vainio et al., 2009; Plainaki et al., 2014, 2015). In addi-

tion, the results in this paper may be used to study the effect

of the energetic particles on the ionosphere and the atmo-

sphere (Nesse Tyssøy et al., 2013; Galand, 2001) quantita-

tively. They may also be used to predict the polar cap ab-

sorption (PCA) effects (Dmitriev et al., 2010) during the ge-

omagnetic storms. The aircraft radiation dose can also be cal-

culated with a similar method which was adopted by Smart

and Shea (2003b); Mertens et al. (2008, 2010) and so on.

In future work, we plan to combine the transport of so-

lar energetic particles (SEPs) in interplanetary space (Qin

et al., 2004, 2013) as well as the in situ spacecraft SEP mea-

surements at L1 with the access of energetic particles in the

magnetosphere, so we may be able to better understand the

SEPs influence to the magnetosphere in higher latitudes dur-

ing space storms.
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