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Abstract. Non-vertical effective cutoff rigidities have been
computed by tracing particle trajectories through the
summarized magnetic field of the International
Geomagnetic Reference Field model (IGRF95, TIAGA
Division 5 Working Group 8, 1996) and the Tsyganenko
(1989) magnetosphere model. The computation was done
for the first 39 days (from Italy to Antarctica) of the Italian
Antarctic ship survey 1996-1997, for geographic points
corresponding to the daily average coordinates of the
expedition ship; for zenith angles 15, 30, 45 and 60 degrees,
and azimuth angles from 0 to 360 degrees in steps of 45
degrees.

1 Introduction

During the 1996-1997 solar minimum we conducted a
cosmic ray (CR) latitude survey on an Italian Antarctic
Research Program ship, measuring the neutron intensity
over the ocean using a 3NM-64 neutron monitor (NM) and
two bare (BC) BF; counters (Villoresi et al., 2000; Iucci et
al., 2000; Dorman et al. 2000). In Dorman et al. (2000)
cutoff rigidities of vertically incident CR particles have
been calculated using a numerical trajectory method for the
corresponding average geographic location of the ship and
by taking into account the penumbra effect. In the same
paper the authors computed the coupling functions for NM
and BC detectors. Also the so-called "apparent” cutoff
rigidities (see Clem et al., 1997) were computed in the
dipole approximation by taking into account the
contribution of particles reaching the detector from
nonvertical incidence directions. In the present paper we
extend the computation of cutoff rigidities to non-vertically
incident CR particles in “real” geomagnetic field, to obtain
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a better determination of the apparent cutoff rigidities and
coupling function (see Dorman et al., this issue).

2. Computation of non-vertical cutoff rigidities

Cutoff rigidities of non-vertically incident CR particles
have been calculated using a numerical trajectory method
(McCracken et al, 1962) for every day for the
corresponding average geographic location of the ship.
Computations were done by considering the Earth's total
magnetic field as the sum of fields generated by both
internal and external sources. The main geomagnetic field
from internal sources is represented by a Gaussian series
with the International Geomagnetic Reference Field 1995
coefficients (IAGA Division V, Working Group 8, 1996)
up to #»=10, extrapolated to the epoch of the survey. Note
that the secular variation of the main geomagnetic field is
too small to affect the resuits of calculations during the
survey time. The magnetic field from external sources is
represented by the magnetospheric magnetic field model
developed by Tsyganenko (1989). It takes into account the
contribution from (1) ring current, (2) the magnetotail cur-
rent system including the plasma sheet current and return
currents, and (3) magnetopause currents as well as the
large-scale system of field-aligned currents. Calculations
were done for a quiet magnetosphere (K,=0),
corresponding to the "quiet" solar-interplanetary conditions
observed during the survey period. For each point we
computed the upper cutoff rigidity R, , which is the rigidity
value of the highest detected allowed/forbidden transition
among the computed trajectories (e.g., Cooke et al., 1991),
and the lowest cutoff value R; ', which is the rigidity value
of the lowest allowed/forbidden transition. A trajectory was
considered “forbidden” if its asymptotic longitude is bigger
than 1000°. Calculations have been done for 0.001-GV
steps. The effective cutoff rigidity R., is defined by the
condition:
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Re R
J=Rcp I=R[,

where W; is the coupling function in the AR; interval.

Under the reasonable hypothesis of a flat #; in the R; - R,

interval (flat CR spectrum approximation (e.g., Shea et al.

1976)), we obtain

Ry, =R,~AR,=R,- 3° AR (allowed) . 2)
i=R[, :

For this calculation we used 4R; =0.01 GV intervals.

We calculated also the diurnal variations of vertical cutoff
rigidities R, for every day and found that they are smaller
than 0.1 GV at geographic latitudes 40°N-40°S and smaller
than 0.15 GV at latitudes 40°-53°S. In every point R, value
at 12 LT was nearly equal to the daily average. Assuming
that this result could be extended also to inclined particles,
we calculated the effective cutoff rigidities at 12 LT.

3. Results

The results of computation are given in Tables 1A and
1B. Figures 1 and 2 show an example of cutoff behavior
during different days of latitude survey, from 0 to 38. It is
remarkable in Figure 1 the geomagnetic field anomaly
encountered on the forth day of survey, discussed by
Dorman et al. (2000).
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Figure 1. Effective cutoff rigidity profiles computed for the
first 15 days of survey (Northern hemisphere) for different
zenith angles and opposite azimuth angles.
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Figure 2. Same as in Figure 1, for Southern hemisphere.
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Table 1A. Effective cutoff rigidities computed along the survey from Italy to Antarctica (first 39 days) for different
zenith angles 0 (0, 15, 30, 45, 60 degrees) at different azimuth angles (0, 45, 90, 135 degrees) of incident particles.

=0 =45 =90 ¢=135
N|Day| Lat | Lon | 820 1o oo 0 6=45]6=60| 6=15] 6=30] 0=45| 6=60| 6=15] 6=30] 6=45| 6=60| 6=15 | 6=30| 6=45 660
0 P55 | 44443 12247 515 | 5.10 | 5.11 | 566 | 506 | 5.34 | 565 | 5.85 | 6.46 | 5.55 | 5.96 | 6.20 | 6.75 | 5.49 | 572 | 6.01 | 6.14
1 P56 | 44.402 12.387 519 | 5.14 | 5.17 | 534 | 504 | 536 | 573 | 5.85 | 650 | 555 | 593 | 6.37 | 6.84 | 5.43 [ 573 [ 6.00 6.14
2 [57 | 41.757] 16.556 6.26 | 6.08 | 6.08 | 6.08 | 6.79 | 6.46 | 6.79 | 7.14 | 7.50 | 6.73 | 7.27 | 7.75 | 830 [ 6.67 | 7.05 | 7.31 | 7.50
3 Bsg | 37.25 21264 861 | 878|801 |7.73| 796 | 958 [10.27] 9.6 |10.03] .82 [11.45[13.80|17.08 0.25 [ 10.00{10.76[11.30
4 5o | 33857 26881 9.80 [10.70]11.18] 9.21 | 9.22 | 11.36|12.03]16.20{13.14[ 11.26] 13.12[ 17 49| 22.76| 10 .80 12.17] 13.67{ 15.69
5 160 | 31.557 31.921] 11.10 | 11.05[12.42]12.15] 0.93 |12.20( 13 36| 18.55|22.40[ 12.76 | 15.99| 19.84] 25.54[ 12.05[ 13 31| 15.54[ 18.04
6 P61 | 30.061| 32.548 11.82 [12.16]11.65]14.25] 10.40] 13.64] 16 31| 19.63| 24.03| 13.96 |16 96| 20.94| 27 01| 12.84] 14 56| 16 50| 1.4
7 b62 | 25651 35.413 1378 [14.45|15.41[16.12[17.66| 15.72| 18 36 22.05| 27 33 15.94 [ 19.05| 23.62| 30.55| 14.92[ 16.63[ 19.17| 22.92
8 B63 | 20.816 38544 1491 |1556|16.62] 18 12]19.98| 16.97] 19,82 23.85|20 69| 17.30| 20.74| 25.77] 33.37[ 1626 | 18.30[ 21.31| 25.74
o P64 | 16493 41.145 1558 [16.18]17.22[18.76]20.86] 17.70| 20.67| 24 89| 31.03| 18.13( 21.77| 27.08] 35.00( 17.11[19.37| 22.67| 27 51
10 65 | 12.844 44250 15.95|16.49]17.49]19.03|21.17[18.09| 21 12| 25.43| 31,75 18.60| 22.35| 27 82| 36.06| 17.60| 20.00 | 23.47  28.54
11 Bo6 | 12.239 49,683 16.18 |16.72[17.75(19.31|21.51[18.35| 21 42 25.80| 32.21| 18.86 | 22.67| 28 21| 36.55 17 85| 20.28] 23.81] 28.96
h2 | 1 | 972d 5471 16.43]16.94]17.93]19.48]21.69] 18.62|21.71]26.15] 32.66[ 19.17] 23.06] 28.69] 37.15{ 18.18] 20 70| 24.34{ 20.64
13 | 2 | 627 50.323 16.56 |16.99]17.90|19.38| 21 51(18.71|21.70| 26 23| 32.76| 19.33] 23.25] 28 92| 37.43] 18.38| 20.90| 24.72| 30.14
a | 3 | 287 639 | 16550 [16.84]17.65]19.00|20.98| 1850 21.60| 25 96| 32.42[ 19.27] 23 18| 28.83| 37 27| 18.38 | 21.05| 24.83{ 30.30
15 | 4 | -0.64 6849|1626 |16.49]17.16|18.33|20.08|18.25|21.14| 25.35| 31 62| 18 99| 22.83| 28 38| 36 66 18.18 | 20.87 | 24.66] 30.11
16 | 5 | -4.620 73476 15.74 | 15.81]16.20] 17.19] 18.54| 17.56| 20.23| 24.18[ 30.00] 18 36| 22.07| 27 43| 35 41| 17 68| 20.34 | 24.08] 20.42
h7 | 6 | -8.789 78.023 1490 |14.61|15.04|1558]16.30| 16.48| 18.87| 22.42|27.77( 17 36| 20 85| 25 92| 33.46] 16.80 [ 19.40[ 23.00] 28.10
18 | 7 |-12.029 82657 14.06 |13.83]13.84 14.05|14.34] 15 42 17.50| 20 62| 25 36 16.34| 19.62| 24 38| 31 50| 15 92 18.42| 21 87| 26.71
o | 8 |-15.623 87.288 12.86 | 12.49[12.27[12.12[11.90]13.93[ 15.58] 18.07| 21.85| 14.88| 17.83| 22.18| 28.72 14 60| 16.93] 20.10| 24.48
bo | o [-18.933 91.700] 11.24 [10.85]10.57[10.22] 9.88 [12.12[13.36] 14.99] 17.24] 13 06 15.66| 19.48| 25 34| 12.82[ 15.00{ 17.70{ 21.20
b1 [10 |-22.386 96.41] 9.18 | 8.90 | 8.72 | 848 | 837 | 9.72 |10.24]10.6210.51]10.37|12.07[14.73]19.18[ 10.06] 10.66] 9.60 [10.00
bo |11 |-25.862101.473 6.72 | 6.89 | 6.95 | 693|699 | 7.15 | 752 | 7.77 | 8.04 | 7.23 | 768 | 817 | 883 | 6.97 | 7.03 | 763 | 830
b3 (12 |-20.376/106.567] 5.19 | 5.28 [ 535 | 5.37 | 5.24 | 561 | 5.87 | 6.13 | 6.35 | 5.56 | 6.07 | 6.35 | 7.02 | 553 | 5.82 | 6.12 | 6.08
ba (13 |-30.825111.807] 4.00 | 401|398 [ 393|394 | 411|427 | 420|437 | 422 434|451 |465|405|419]433]455
bs |14 |-35.707]118.051] 3.08 | 309 | 3.04 | 3.02| 302 | 320|331 | 347|343 | 327 336 | 366 | 356 | 3.18 | 3.42 | 320 | 342
b6 |15 |-37.8180125.015 252 | 251 | 2.5 | 257 | 252 | 2.60 | 2.67 | 273 | 2.76 | 2.56 | 2.69 | 2.82 | 2.87 | 2.58 | 2.62 | 266 | 274
b7 [16 | 2099132276 2.08 [ 2.11 | 2.14 | 208 | 216 | 247 | 221 | 218 231 [ 2.18 | 224 | 230 [ 2.33 | 2.20 [ 2.15 | 2.18 | 228
b8 |17 |-42.036/139.765 1.76 | 1.80 | 1.80 | 178 | 183 | 1.83 | 1.83 | 188 | 190 | 183 | 190 | 196 | 1.88 | 1.86 | 1.80 | 1.67 | 101
bo |18 | 4325146308 172 | 162 | 1.70 | 163 | 167 | 1.76 | 1.75 | 1.77 | 1.80 | 1.70 | 1.78 | 1.78 | 1.88 | 1.7 | 1.78 | 1.80 | 1.81
50 |19 |42.881147.341) 173 | 177 [1.76 [ 1.73 | 1.82 | 1.83 | 1.85 | 1.88 | 184 188 [ 1.89 | 194 | 109 [ 1.83 | 1.04 | 1.82 | 197
31 20 |43.701150.347] 166 | 1.60 | 168 | 1.73| 169 | 172176 {180 | 176 | 175 [ 179 [ 183 | 1.91 [ 172 [ 179 | 1.79 | 1.83
b0 |21 | 450690158389 167 | 167 | 162|173] 164|170 (170|171 | 175|175 [ 179|174 | 1.86 [ 174 | 174 | 177 ] 1.80
33 |22 | 46.325166.352] 170 | 1.70 | 1.66 | 1.72 | 1.68 | 176 | 174 | 177 | 179 | 177 | 182|184 | 1.89 | 177 | 1.80 | 1.82 | 1.8
ba [23 {44349 1723 | 229 [ 234 | 232|231 [ 235 | 2.43| 2.46 | 253 | 260 | 245 | 250 | 258 | 2.67 | 2.44 | 251 | 274 | 261
b5 |24 43608 172.72| 253 | 2.56 | 2.54 | 253 | 250 | 2.65 | 2.64 | 2.68 | 2.65 | 269 | 276 | 2.84 | 2.84 | 267 | 272 | 274 3.03
b6 |25 |43679172.803 253 | 254 | 258 | 254 | 247 | 261 | 267 | 267 | 2.65 | 2.66 | 277 | 281 | 2.60 | 2.63 | 2.74 | 2.80 | 2.89
b7 |26 |47.179)174.009 183 | 182|181 | 1.80 | 179 | 1.89 | 1.93 | 200 [ 193 | 191 | 188|201 | 199 [ 1.86 | 1.95| 1.95| 2.02
s |27 | 526280175464 0.98 [ 0.99 [ 0.98 [ 0.99 | 1.00 [ 1.03] 1.01] 1.05 | 1.05| 1.03 | 1.05] 1.12] 1.06 [ 1.02{ 108 | 1.04 | 1.00
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Table 1B. Effective cutoff rigidities computed along the survey from Italy to Antarctica (first 39 days) for different
zenith angles 0 (15, 30, 45, 60 degrees) at different azimuth angles (180, 225, 270, 315 degrees) of incident particles.

N |Day| Lat | Lon =180 =225 =270 =315
0=15|0=30|0=45/0=60|6=15|0=30|6=45/6=600=15/8= 30|0=45|0=60|6=15(0=30|0=45(6=60
0 [55 | 44.44312.247|5.18 | 5.31|5.33 [ 5.36 | 493 | 4.69 | 4.50 | 4.38 [ 4.85|4.52 | 4.37 | 4.31 [ 4.90 | 4.80 | 491 | 4.37
1 P56 | 44.402(12.382|5.18 | 5.27 | 5.27 | 5.39 | 4.95 | 4.79 | 455 | 442 | 4.87 | 456 | 4.36 | 4.28 | 492 | 474 [ 491 | 442
2 1357 | 41.757/16.556 | 6.38 | 6.34 | 6.39 | 6.35 [ 5.99 | 5.74 | 549 { 5.26 | 5.75 | 5.35 | 5.05| 4.91 | 5.85 | 5.58 | 5.36 | 5.36
3 358 | 37.2521.264|8.55(8.327822{809{794(745]7.15/6.86|7.94|7.30|676|613(8.11|7.22(6.70 | 6.59
4 P59 | 33.857/26.881(9.86 [9.95]|9.78 (950 [9.12 | 850 | 8.09(7.84|8.81[8.31 [ 7.67|7.85]|9.68 |9.19|8.07 | 751
5 P60 | 31.557]31.921(10.93]10.97|10.82|10.67(10.14{ 9.44 | 8.88 | 8.57 |10.00( 9.08 | 8.19 | 8.22 (10.25| 9.97 | 9.86 | 8.12
6 [B61 | 30.061)32.548 |11.58/11.62|11.52|11.42|10.73( 9.97 | 9.34 | 8.96 {10.59] 9.66 | 8.99 | 8.19 [11.00{ 9.86 |10.19| 8.89
7 [362 | 25.651/35.41313.40|13.26/13.35{13.62{12.26|11.33/10.58{10.0712.07(11.00]10.30| 9.85 {12.8612.27|11.33{10.52
8 [363 | 20.816 38.544 |14.61|14.64(15.01(15.69|13.41(12.32{11.65/11.00{13.22(12.01|11.14[10.65(14.06|13.54[13.27|13.02
9 164 | 16.49341.145|15.38/15.56(16.14|17.12|14.05{12.97|12.22(11.74(13.77|12.49]11.61{11.06|14.59|14.03(13.80|13.78
10 865 | 12.844/44.252 {15.83(16.1216.84(18.02(14.43|13.37(12.6612.25|14.06|12.72(11.7811.16(14.86 [ 14.21|13.92|13.80
11 (366 | 12.239)49.683|16.06|16.35/17.07{18.25|14.63|13.55(12.84{12.41|14.26{12.8911.94|11.31(15.07|14.41{14.11(14.13
12 [ 1 | 9.728 54.71 [16.37(16.73(17.54|18.82{14.89|13.83|13.14/12.76|14.47|13.07 [12.08|11.41|15.26| 14.54|14.18(14.13
13 | 2 | 6.27450.323[16.58]17.03[17.96]19.30|15.06|14.05[13.43]13.13[14.57[13.14[12.12[11.43]15.31]14.50[14.05]13.88
14 | 3 2.82639 [16.61{17.17(18.19|19.74|15.07{14.14|13.60|13.39|14.52|13.09{12.07|11.39]|15.19{14.30|13.74{13.45
15 | 4 -0.64) 68.49 (16.47|17.11(18.23(19.87|14.93{14.09|13.65|13.54|14.31|12.91(11.9311.28|14.89|13.93|13.28{12.86
16 | 5 | -4.62973.47616.06(16.79{17.98|19.65/14.55(13.84|13.51{13.51|14.55{12.55|11.64|11.08(14.33|13.30{12.56(12.02
17 | 6 | -8.78878.02315.33/16.12|17.31{18.88{13.89(13.32(13.10{12.0713.89{11.96]|11.17(10.65|13.48(12.42{11.63|11.04
18 | 7 |-12.023 82.657 [14.57(15.40|16.53|17.83[13.21{12.66]12.02{12.3913.1311.37|10.54|10.00|12.67|11.62| 10.84] 10.27
19 | 8 |-15.623 87.286{13.39/13.97|15.04(10.96/11.86/11.11{11.07(10.64(11.43|10.30 9.55 | 9.05 {11.52{10.54| 9.86 | 9.43 |
20 | 9 |-18.93391.709|11.68(12.37|11.01( 9.42 |10.62{10.30( 9.16 | 7.73 [10.05| 9.28 | 8.65 | 8.42 |10.14[ 9.38 | 8.72 | 8.58
p1 |10 |-22.386) 96.41 [9.08|8.21|7.88 825|850 [7.48|6.80 |6.81|837|7.73|7.02|6.28|8.44 788|759 7.3
22 |11 |-25.8620101.473] 6.57 | 6.56 | 6.72 | 6.97 | 6.31 | 5.98 5891580628578 543|542 (6.5116.31[6.01|5.74
23 112 1-29.376{106.587} 5.26 | 5.27 [ 5.28 | 5.08 | 504 1490 | 483 (4431496 [4.75(4.56 [4.51|5.09 | 4.85]4.68 | 4.61
D4 |13 |-32.825111.807| 3.87 [ 3.95 [ 3.92 | 4.10 | 3.78 | 3.67 | 3.65 | 3.53 [ 3.82 | 3.57 | 3.50 [ 3.38 | 3.87 [ 3.86 [ 3.70 [ 345
p5 {14 [-35.7071118.051) 3.11 | 3.06 | 3.02 | 3.08 | 3.01|2.91 | 2.82 | 2.77 [ 2.97 | 2.92 | 2.74 [ 2.74 | 3.05 | 2.90 | 2.83 | 2.91
P6 (15 |-37.818125.015) 2.51 [ 2.52 [ 2.50 | 2.56 [ 2.48 | 2.42 | 2.39 [ 2.37 | 2.42 [ 2.38 | 2.36 | 2.23 | 2.46 | 2.39 [ 2.36 | 2.31
27 [16 | -39.92/132.276| 2.13 | 2.08 | 2.23 [ 2.08 { 2.09 | 2.03 [ 2.02 | 2.02 | 2.03 | 2.00 | 1.92 { 1.92 | 2.11 | 2.03 | 2.02 | 1.91
28 (17 |-42.036{139.765|1.83 | 1.75|1.86 [ 1.83 | 1.81 [ 1.71 [1.71[1.69[1.75|1.71 | 1.64 | 162|174 [1.70 ]| 1.68 | 1.70
D9 |18 | -43.25146.398 1.71 | 1.71 | 1.74 [ 1.68 | 1.66 | 1.63 | 1.60 | 1.58 [ 1.67 [1.59 [ 1.62|1.61|1.66]|165] 161|158
30 |19 |42.881/147.341(1.84 |1.77 192 (183|180 |173|1.70|1.71[1.74|1.70 | 1.65(160 | 1.75 [ 1.74 | 1.67 | 1.63
B1 {20 |-43.701150.347 1.68 | 1.70 {1.71 [1.72 | 1.69 { 163 | 1.60 | 1.56 | 1.67 | 1.60 | 1.57 | 1.61 | 1.70 | 1.63 | 1.56 | 1.60
B2 |21 |-45.069158.389) 1.69 | 1.70 | 1.71 | 1.68 | 1.66 | 163 |1.60 | 1.59|1.65|1.56 | 1.58 | 158 | 1.68 | 1.61 | 1.563 | 1.68
B3 |22 |-46.325166.352| 1.75]1.70 [ 1.86 | 1.82 | 1.72 | 1.67 | 162 | 1.62 |1.67 [1.63|1.60(1.66|1.70|1.67 | 1.59 | 1.61
34 (23 |-44.3491723 |2.381255|2.41[241|232|2.33(223|2.25(2.27(2.32|217|2.18]|2.30|2.21|2.28|2.13
35 (24 |-43.606172.72 | 2.61 | 2.55 [ 2.69 | 2.60 | 2.53 | 2.46 | 2.36 [ 2.54 | 2.46 [ 2.31 | 2.37 | 2.29 | 2.51 | 2.43 | 2.39 | 2.40
36 |25 |-43.672/172.823{2.56 [ 2.55|2.67 [2.63|252|2.47 [2.37 [ 241243233 |2.38{2.23|248 245|236 |247
37 |26 |-47.179174.023/1.86 [1.90 [1.86|1.89|1.84|1.80|1.83 182|181 |1.77[1.74|164[1.7811.73|1.76 [ 1.66
B8 |27 -52.628{175.464 1.01(1.0211.05]1.041.01|1.00|1.00}098|1.01]0.960.960.971.00{1.00]0.95|0.97




