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Abstract. Radiation effects from solar energetic proton management during the ISS construction and concluded that
(SEP) events are a concern when the International Spacthe probability of a significant high-latitude SEP event during
Station reaches high latitudes accessible to SEPs. We usan ISS construction flight is nearly unity. The report recom-
data from the 20-29 and 29-64 MeV proton channels of themended the development of models to specify the intensity
Proton/Electron Telescope on the SAMPEX satellite duringof SEPs and the geographical zones accessible to them. In
nine large SEP events to determine the experimental gegparticular, it urged the development of methods to map lati-
graphic cutoff latitudes for the two energy ranges. These ard¢udinal cutoffs for SEPs at the altitudes of the ISS. Another
compared with calculated cutoff latitudes based on a comyecommendation was to extend the range of SEP predictions
puter model, SEPTR (solar energetic particle tracer). Thefrom the present-10 MeV range to several steps in the bio-
observed cutoff latitudes are systematically equatorward ofogically effective energy range of 10 to 100 MeV.

the latitudes calculated by the SEPTR program using a Tsy- The ISS orbit was originally planned for a low-altitude,
ganenko field model, but that model produces mean valuefow-inclination orbit of 28.5, but with the 1993 agreement

of ~2° for latitudinal differences with observationalLat,  to include Russian launch capabilities in the ISS program, it
which are~3 times smaller than those using the 1995 In- was necessary to increase the orbital inclination to 5to6
ternational Geomagnetic Reference Field model alone. Thehe equator, placing parts of its orbit in high-latitude regions
number distributions oA Lat are peaked neaf @nd decline  accessible to SEPs. In addition, the construction schedule
toward higher values. With the Tsyganenko model, we findwas roughly in phase with the solar activity cycle, suggesting
no significant trend in either th&tLat or their variances with  an enhanced probability of exposure of astronauts to SEPs.
increasingk . Table 1 compares the chronology of the ISS flights with the

Key words. Interplanetary physics (energetic particles) — occurrence of large SEP events listed by the NOAA Space

Magnetospheric physics (polar cap phenomena) — Spacgnvironment Center at the web addréxsigp://umbra.

plasma physics (charged particle motion and acceleration) N@SCOm.nasa.gov/SEP/seps.html - Proton intensi-
ties are integral 5-min averages for energies> 10 MeV,

given in particle flux units (pfu), where 1 pfu=1pcrsr!
s, measured by GOES spacecraft at geosynchronous or-

1 Introduction bit. We give the peak dates of the largest 100 pfu) SEP
I . ) events since the first flight of the ISS construction program
1.1 Radiation and the International Space Station in November 1998.

Space radiation is now recognized as a serious hazard At the time of writing, 17 of the> 40filights on the NASA

for satellite operations, communications, and human spacﬁ‘aﬁt'f?ﬁt f(;thgellosos fcons’;rg(;\uor?lt:avleh(ﬂ)ccuzrgeodl. One recgnt
flights (White and Averner, 2001). With the construction fight, the -0, from pril to ay , occurre

of the International Space Station (ISS), the vulnerabilityJUSt after WYO mtgnse SEP events on 15 and_18 April, al-
of the human crews on the ISS to the effects of solar ener-though the intensity had fallen te 20 pfu at the time of the

gec proton (SEP) events has become an mporant conce") 21 cortued (o decine durng he mision. How,
Turner, 2001). A recent report by the U.S. National Re- . ’ . .
( ) P y the middle of the STS 106 mission in September 2000.

search Council (Siscoe et al., 2000) focused on radiation risl{ six-hour extravehicular activity (EVA) on STS 106 took

Correspondence tdS. Kahler place on 11 September , one day before the SEP event onset.
(stephen.kahler@hanscom.af.mil) These events have already confirmed the prediction (Siscoe
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Table 1. ISS flights and SEP events

No. Vehicle Launch Daté Landing Date® SEP Peak Intensity (pfu) MaxK ,/date
1 Proton Rocket 20/11/98
2 STS88 04/12/98 15/12/98
3 STS96 27/05/99 06/06/99
4 STS101 19/05/00 29/05/00
5 Proton Rocket 12/07/00 26/07/00
6 STS106 08/09/00 20/09/00 13/09/00 320 7/17,18
7 STS92 11/10/00 24/10/00
8 Soyuz Rocket 31/10/00
Expedition 1 crew 02/11/00 09/11/00 14800 6/10
26/11/00 942 7129
9 STS97 30/11/00 11/12/00
10 STS98 07/02/01 20/02/01
11 STS 102 08/03/01 21/03/01
Expedition 1 crew 18/03/01
Expedition 2 crew 09/03/00 03/04/01 1110 5/04, 05
11/04/01 355 8/11
15/04/01 951 7/18
12 STS 100 19/04/01 01/05/01 18/04/01 321 7/18
13 STS 104 12/07/01 24/07/01
14 STS 105 10/08/01 22/08/01 16/08/01 493 6/17
Expedition 2 crew 20/08/01
Expedition 3 crew 12/08/01
15 Soyuz Rocket 14/09/01 16/09/01
25/09/01 12900 6/25
02/10/01 2360 7/03
16 Soyuz Rocket 21/10/01 23/10/01
06/11/01 31700 8/06
24/11/01 18900 9/24
17 STS 108 05/12/01 17/12/01
Expedition 3 crew 07/12/01
Expedition 4 crew 07/12/01
26/12/01 779 3/26, 27
31/12/01 108 4/31

& |SS occupation start dates for crews
b 1SS occupation end dates for crews or rocket docking dates

et al., 2000) that at least two of the planned ISS constructiorMost peakk , values of the SEP events of Table 1 are in the
flights would overlap a significant SEP event. Even after thevery disturbed £, > 6) range, which occurred only 2% of
completion of the construction phase, one or two EVAs perthe time during solar cycle 22 (Shea et al., 1999).

month are expected to occur over the life of the ISS. Note

that the 1SS has been occupied by human crews continuousi%.2 SEP geomagnetic cutoff models

since November 2000.
The problem of calculating trajectories of charged particles

The ISS radiation problem is compounded by the statisti-in the geomagnetic field was first modeled with dipole mag-
cal tendency for fast CME-driven shocks associated with thenetic fields in the 1930s by &tmer (1955). The basic par-
SEP events also to produce periods of enhanced geomagneticle parameter is the rigiditR, defined as the particle mo-
activity (Shea et al., 1999) when they impact the Earth. Thementum divided by its charge. An important parameter of the
resulting polar impact zones of SEPs tend to increase with incalculations is the cutoff rigidityRcyiof, the minimum mag-
creasing SEP intensities (Shea et al., 1999), especially whenetic rigidity of a charged particle that can reach a given point
E > 10 MeV intensities exceed 100 pfu. In Table 1 we show in space from infinity with a given direction of arrival. See re-
the peak value ok ,,, the planetary index of geomagnetic ac- views by Hoffman and Sauer (1968) and Smart et al. (2000)
tivity, which occurred during the times of the SEP evelks. for early and very recent efforts, respectively, to determine
values range from 0, the least disturbed, to 9, the most disR¢uioff for the geomagnetic field.Rcuiof is calculated for
turbed, with 3< K, < 5 considered moderately disturbed. a given point in space by integrating the equations of mo-
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tion for an oppositely charged particle moving away from ried out with a 1990 epoch Definitive IGRF (DGRF90) (Lan-
the point in space. The trajectory of an approaching pro-gel, 1992) for altitudes of 20km (Smart and Shea, 1997a)
ton is, therefore, calculated in reverse, and the calculatiorand 450 km (Smart and Shea, 1997b). The latter calcula-
is done for protons over a range of rigidities. Each trajec-tion, chosen for its application to the ISS, was updated for
tory either goes to infinity or some specified distance froma 1995 epoch IGRF (Sabaka et al., 1997) and TSYGS89 for
the Earth, collides with the Earth, or spends an indetermi-quiet (K, = 0 and 2) and disturbedk(, = 5 and 5 with
nately long time trapped in the model geomagnetic field. Thea ring current model equivalent @f,, index of —300) geo-
first group of trajectories are those of the allowed rigidities magnetic conditions by Smart et al. (1999a) and (1999b), re-
(R > Rcutoff), and those of the latter two are the forbidden spectively. The significant reductions Ry at 450 km with
rigidities. The presence of trajectories which collide with the increasing geomagnetic activity, extendeddg = —500,
solid Earth provides a complication by producing a penum-were illustrated by Smart et al. (1999c). Sinke at any
bra of bands of alternating allowed and forbidden rigidities geographical location is dependent on local time, all these
above Rcuiofr, With Ry as the lower cutoff rigidity below calculations were averaged for local times of 00:00, 06:00,
which all rigidities are forbidden, anfl;; as the upper cutoff 12:00, and 18:00 UT.
rigidity above which all rigidities are allowed (e.g. Smart et
al., 2000). An effective cutoff rigidity in a given direction, 1.3 Experimental observations of geomagnetic cutoffs
Rc, is determined by either linear averaging of the allowed
bands in the penumbra (Shea et al., 1965) or by functiondVhile a particle detector on a satellite with a high-latitude
weighted for the particle spectrum and/or detector respons@rbit can survey the cutoff latitudes for its particular particle
(Cooke et al., 1991). rigidity range, there are several limiting factors to be consid-
A proton detector at a point in space will have a finite ered in using such data sets to test computed cutoff models.
view angle, so the range of directions from which protonsFirst, protons in the 10< E < 100MeV range, which is
can arrive in the detector must also be considered in deterof primary consideration for the ISS (Siscoe et al., 2000),
mining the detector cutoff rigidity. Since this can result in Will be enhanced above the background only during times
a very computer-intensive effort to calculate trajectories forof SEP events. Second, time-intensity profiles from detec-
a range of proton rigidities, each over a range of incidenttors with broad bands of energy response may not show the
angles, for each point in space, trajectories of only limitedsharp drops needed for precise determinations of cutoff lat-
sets of zenith angles or planes at specific points in geospadéudes. More important, while cutoff calculations are typi-
have been calculated (Schwartz, 1959; Cooke et al., 1991)ally done only for vertical cutoffs (e.g. Smart et al., 1999a,
Cutoff rigidities are highest in the eastern and lowest in theb), the finite detector geometries allow for particles from a
western directions, but the penumbral structures vary considrange of directions to be counted. Since the cutoffs at a given
erably with change in incident angle. Recent work of Clem point vary significantly with azimuthal angle (e.g. Clem et
et al. (1997) has compared the vertical effective cutoff rigid- al., 1997), the calculated vertical cutoff latitudes may not cor-
ity, Rc, with an apparent cutoff rigidity, determined by an respond well to observed cutoff latitudes. A notable excep-
appropriate averaging over calculated valueRpfextend-  tion was the cosmic ray experiment on the HEAO-3 satellite
ing to 60 off the vertical axis. Working in the 2 to 13GV that recorded the energy, charge, and direction of every inci-
range, they found that apparent rigidities generally exceededent cosmic ray ion. Comparison of those HEAO-3 data with
vertical Rc by 0.1 to 0.6 GV. If this result holds in the rigid- the cutoff predictions verified the principal features of the
ity range of our interest (0.2 to 0.3 GV), then valuesRef predictions, but showed that the predicted cutoffs were about
based only on vertical cutoff calculations are underestimate$% higher than those observed (Smart and Shea, 1994). This
of apparent cutoff rigidities. result was consistent with earlier comparisons, as briefly re-
The geomagnetic field model is a primary factor in the cal- viewed by Ogliore et al. (2001). This means that for a given
culation of Rc. The majority of proton magnetospheric tra- particle rigidity, the observed geomagnetic cutoffs lie equa-
jectory calculations use the International Geomagnetic Refiorward of the calculated values.
erence Field (IGRF) (Langel et al., 1991), which represents Near real-time color-coded displays of global distributions
the main geomagnetic field, combined with a model of mag-of energetic particle counting rates from the polar-orbiting
netospheric current systems i{Ekiger et al., 1991; Boberg NOAA POES satellites are currently available at the web site
et al., 1995; Tsyganenko, 2001). The preferred exampléttp://www.sec.noaa.gov/tiger/. Proton counts from omnidi-
of the latter model is that of Tsyganenko (1989; hereafterrectional detectors with four energy channels in the range
TSYGB89), which includes currents during times of low to 16-275MeV are shown plotted on world grids, with >
moderate K, < 5) geomagnetic disturbances and takgs 15 MeV proton counts displayed on geographic polar plots.
as an input parameter. This system was extended to large g&Vhile not suitable for the measurement of geomagnetic cut-
omagnetic disturbances by Boberg et al. (1995). The resuloffs Rc we seek here, they allow for a comprehensive view
of including these current systems reduces the calculg¢ed of the zones of SEP precipitation in significant SEP events.
particularly at high geomagnetic latitudes. The optimal instruments for determining geomagnetic cut-
Recent calculations aR¢ for vertically incident protons  offs have been the Mass Spectrometer Telescope (MAST)
mapped on to a world grid (Smart et al., 2000) have been carand Proton/Electron Telescope (PET) on the Solar, Anoma-
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SAMPEX 1992 Nov 5 20—29 MeV

Latitude

-180 —120 —60 0 60 120 180
Longitude
X SAMPEX ® SEPTR(IGRF) O SEPTR(TSYG89)

Fig. 1. The world grid for 3 November 1992 showing the observed PET 20-29 MeV proton cutoffs (crosses), the calculated SEPTR Tsy-
ganenko field cutoffs (open circles), and the calculated SEPTR IGRF field cutoffs (solid circles). High-latitude and SAA portions of the
SAMPEX orbit are shown. In general, the IGRF cutoffs are poleward of the Tsyganenko cutoffs and further poleward of the PET cutoffs.

lous, and Magnetospheric Particle Explorer (SAMPEX) The SAMPEX PET instrument measures protons in the
spacecraft, which was launched into a 520kr670 km 82 20-29 MeV and 29-64 MeV energy ranges with a full-width
inclination orbit in 1992 (Ogliore et al., 2001). In normal opening angle of 58(Cook et al., 1993). PET observations
operations the MAST and PET instruments are zenith pointwere used to determine invariant cutoff latitudes with which
ing (Leske et al., 2001), so that vertical geomagnetic cutoffSSEP ionic charge states could be determined from other
can be determined on each side of each polar passage, &AMPEX instruments (e.g. Oetliker et al., 1997; Mazur et
four times per orbit. Recently, Ogliore et al. (2001) deter- al., 1999). Recently, Leske et al. (2001) have examined PET
mined R¢ for cosmic ray nuclei from MAST in the rigidity  proton and MAST 8-15 MeV/nucleon He observations to de-
range 500< R < 1700 MV. Their particle selection crite- termine the invariant cutoff latitudes, using the DGRF90, for
ria discriminated against SEPs, anomalous cosmic rays, ansix large SEP events from 1992 to 1998. They found that
geomagnetically disturbed times. They plotted their cutoffsthe cutoff latitudes correlated with the geomagnetic activity
as functions of invariant latitudey, defined as the magnetic parametersK, and Dy;, although the correlation could be
latitude at which a given ideal dipole field line intersects the poor at certain times, such as the onset of a geomagnetic
Earth’s surface, and is related to the Mcllwdirparameter ~ storm. At a given value oK, or D, the spread in cut-

by L = cos2(A) (Hoffman and Sauer, 1968; Smart and off latitudes was~2° — 3°. Correcting forDy, effects, they

Shea, 1994). In this coordinate system found an invariant cutoff latitude of64° for MAST obser-
vations at~300 MV. The above Eq. (1) suggested by Smart
Re = xL™2GV = C x cod(A) GV (1) and Shea (1994), yields an invariant cutoff latitude of 67.7

for Rc = 300 MV, again several degrees poleward from the

whereC is a constant, and the blocking effects of the solid observed value.

Earth are ignored. Ogliore et al. (2001) found a best fit for

their cutoffs to beR¢ = 15.062x cost(A)—0.363GV, lower 1.4 The SEPTR programme

than that predicted by the relatidty = 14.5 x cos(A) GV,

which was recommended for vertical cutoffs by Smart andThe Solar Energetic Particle Tracer (SEPTR) model is based
Shea (1994) using the DGRF90. This result means that abn a Ph.D. thesis of Orloff (1998). SEPTR (Freeman and

high latitudes A > 50°), a givenR¢ lies several degrees Orloff, 2001) takes a number of variable input parameters

equatorward of the Smart and Shea (1994) calculation. and uses several modifications to the basic particle trajectory
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Table 2. Average latitudinal differenceaLat for the Tsyganenko field in the nine analyzed SEP events

Data Interval Maxk, Alat20-29MeV Alat29-64 MeV
30/10-06/11/92 6 2%7+ 1.6° 1.6°+£1.3°
06/11-10/11/97 7 30+ 25° 2.2 +21°
25/08-29/08/98 8 2%+ 2.5° 1.8 +£1.8°
30/09-02/10/98 5+ 2°4+ 2.2° 2.1°4+19°
12/09-16/09/00 6+ 2%+ 1.8° 1.7°+£16°
09/11-15/11/00 6+ 198+ 1.3° 1.66+1.4°
24/11-29/11/00 * 2.9 +16° 2.0° £ 1.4°
30/03-31/03/01 9 3.5 +£3.1° 1.9 +21°
03/04-19/04/01 8+ 22+ 1.7° 1.7°+£13°
Average of all events: 295+ 1.9° 1.8 +£15°
SAMPEX 1998 Aug 25-29 SAMPEX Sum of 9 SEP Events
o 20-29 MeV : 20-29 Mev
25F IORFS oo IGRF
nw 20F 3
[} c 3 (%] 400 i
® 15F Mean Value: E ® M Value:
S 1o 3 7.34+/- 2.83 ] S ;88 G564/~ 2.64
°F e 100 *
TSYG89 3 800k TSYG89 ]
" , 600 .
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3 2.55+/= 245 5 *00% GaTe/ = 189 ]
3 200 E
E 0 ]
0 5 10 15 20 0 5 10 15 20
Alat (?) Alat ()
29-64 MeV 29-64 MeV
40F GRF 800 ¢ IGRF ]
30E 3 , 600F ]
o g M Value E o 400: Mean Value: 1
(%] E ean N = 2] = N —
3 20 6.42+/— 282 ] 3 i 5.73+/- 2.62 ]
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1001

Fig. 2. Top panels: Histograms of numbers of caseabét for the Fig. 3. Top panels: Histograms of numbers of cases for all nine SEP
20-29 MeV protons with the IGRF model (top) and Tsyganenko events ofALat for the 20—29 MeV protons with the IGRF model
model (bottom). The observing period is 25 to 29 August 1998. (top) and Tsyganenko model (bottom). Each case is a difference
Each case is a difference between the calculated (IGRF or Tsybetween the calculated (IGRF or Tsyganenko) and observed PET
ganenko) and observed PET geographic cutoff latitudes. Bottongeographic cutoff latitudes. Bottom panel: Same as the above but
panel: Same as the above but for the 29-64 MeV protons. for the 29-64 MeV protons.
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SAMPEX Sum of 9 SEP Events TSYG89
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Fig. 4. Histograms of numbers of casesskat for 20-29 MeV protons and the Tsyganenko model binne& py

calculation described by Smart et al. (2000) to calculate val-Table 2 gives the selected dates of analysis and the maximum
ues of R¢ at a given location. The model has been validatedK , during each period. The first four events were also ana-
by several consistency checks and by comparisons of calcuyzed by Leske et al. (2001). For each event we determined
lated world grids ofR¢ with those of Smart and Shea (1985) the geographical cutoff locations for the 20—29 MeV and 29—
using the same input geomagnetic field models (Freeman ané4 MeV protons of the PET detector. Each cutoff location
Orloff, 2001). was taken to be the point at which the rate of change of the

Although SEPTR was designed to calcul®g at a spe- PET SEP intensities, measured with 6-second time resolu-
cific location, we will use SEPTR to determine whether ver- tion, was maximum. For each full day of data there were 15
tically incident particles of a given rigidity? can reach a or 16 orbits, so with two cutoff points for each polar pass
given point in space. For the SEPTR input values we usedhere were up to 64 cutoff locations per day. All cutoff loca-
the positions of the SAMPEX spacecraft along its orbit andtions were tabulated and plotted on a world grid for each day,
the rigidities of 0.215GV and 0.298 GV, corresponding to as shown in Fig. 1.

the mean energies of the 20-29 MeV and 29-64 MeV pro-  ajong each SAMPEX orbit the geographic cutoff loca-

ton channels of the PET. The trajectories from each pointjqns were calculated with SEPTR for assumed PET pro-
are calculated until: (1) the proton reachesrd3 (2) the  p rigidities of 0.215 and 0.298 GV and a fixed altitude of

proton traj_ectory intercepts the solld_Earth; (3) the particlegg km, using first the 1995 IGRF (Sabaka et al., 1997) and
travels a distance of S(R; or (4) the time of proton propa-  {hen the combined 1995 IGRF and TSYG89 reference field.
gation reaches 1000 time units, where the SEPTR time unitigye refer to these fields simply as the IGRF and TSYG89
0.0212s. Only trajectories satisfying condition (1) are con-fig|gs, respectively. The calculated cutoff locations for the

sidered to be allowed. We will use as input field models the,q fields were also plotted on the world grids. We found that
1995 IGRF (Sabaka et al., 1997) and the TSYG89, whichhg caculated cutoff latitudes are almost always poleward of

is valid for K, < 5. Whenk), > 5, we use the TSYG89 e ghserved cutoff latitudes, as the example of Fig. 1 shows.
with K, = 5. We do not use here the Boberg et al. (1995)

modification to the TSYG89 fok , > 5. For each orbit we compared the calculated cutoff latitudes

of each field model with the observed cutoff latitudes for
each PET energy range. For each SEP event we compiled

2 Data analysis the histograms of numbers of cases veralst, the differ-
ence between the calculated and observed geographic cutoff
We selected for analysis nine SEP events with high> latitudes, and calculated their mean values and variances. In

20 MeV intensities and at least moderate peak valugs,of  Fig. 2 we show the distributions for the August 1998 SEP
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event. We note first that the IGRF model provides a much SAMPEX Sum of 9 SEP Events
worse fit than does the TSYG89 model, by a factor, 50-29 MeV
for both energy bands. Second, the valueabét are larger 127 ‘

for the 20-29 MeV protons than for the 29-64 MeV protons.

Third, the distributions are very different for the two models. 1or B
The IGRF values are peaked near their mean values, while 8 a B
the TSYG89 values are peaked near@d decline with in- |

creasingAlLat. The high variances of the latter values are ey ]

due to the small number of cases of largkat. These prop- 2 7 ]
erties of the August 1998 event are characteristic of all nine 4 b
SEP events. In the last two columns of Table 2 we show [ ]
the means and variances for the TSYG89 model. The bottom 2r B
row of the table gives the result of summing over all the event ob | ‘ ‘ ‘ ]
orbits, and the histograms are shown in Fig. 3. 0 2 4 6 8

We have also compiled histograms sf at as a function Kp
of K, and shown them for the 20-29 MeV protons and the 29-64 MeV
TSYG89 model in Fig. 4. In all of the cases, except where ‘ i
K, > 7, the distributions are peaked withifi 2f 0° and 10k ]
have the same basic shapes as those of the TSYG89 model of i 1
Fig. 3. Figure 5 compares the valuesxifat as a function of 8 s
K, for the IGRF and TSYG89 models. Itis not surprising to < 1
find that the TSYG89 model is superior to the IGRF model, 5
but we find that the TSYG89 model is nearly independent of <
K,. There is a small but insignificant increaseAhat for
K, > 6, above the range for which the TSYG89 model is
valid. i

Several possible sources of error could contribute to the 0L ‘ ‘
variances shown in Fig. 5. We pointed out in Sect. 1 that 0 2 4 6 8
Rcutoff at any location is not sharp but rather is character-
ized by a penumbra over whickc must be defined. Thus,

the imprecise value okc might be a source of the variance. rig 5 Top: Comparison of average values/fat for 20-29 MeV

However, we have used SEPTR only to calculate whether aprotons and for the IGRF model and the Tsyganenko model binned
interplanetary 0.215 GV or 0.298 GV proton has access to ay K . Bottom: Same as top except for 29-64 MeV protons.

particular point in the SAMPEX orbit. Since we have very
rarely found a SAMPEX polar-cap orbital boundary charac-
terized by any fluctuation in the step function between al-

lowed and forbidden regions, calculated at 6-second inter- CUtoff variations with local time may be a minor contri-
vals, we do not consider this to be a source of the variance. Pution to the values oALat, but they tend to produce small

Another contribution to the variances could be our approx-°ffsets from the circles of constant, as discussed by Leske

imation to the energy ranges of the PET detectors by takingt @l- (2001). The TSYG89 model that we used incorporates

the mean energies, rather than weighting them with an asthe variations of local time, so they should not be a signifi-

sumed power-law rigidity or energy distribution. If we as- C&nt factor in the variances.

sume a differential power law in enerdywith an exponent Another source of the variances may be the approxima-
y = —3, then the mean energies in the two PET channels aréion we have made to compare the observed and calculated
23.3MeV and 37.4 MeV. These lower mean energies wouldgeographic cutoff latitudes as though they coincided in lon-
result in higher, more poleward calculated cutoff latitudesgitude, when in fact, they lie at different longitudes along
and would increase the valuesmEat in Table 2. We canuse the SAMPEX orbit. If contours of constai- are inclined

Eqg. (1) withC = 14.5 to approximate these increases in ge- to circles of geographic latitude, and the SAMPEX orbit is
ographical latitudeg by calculating the changes in invariant nearly tangent to those contours, the calculatt could
latitudesA resulting from the corresponding lower values of be larger than that at a fixed longitude. We can estimate
Rc. For the 20-29 MeV protona increases from 69.550 the error from this effect by assuming that the geomagnetic
69.68, an increase of 0.23and only a small fraction of the dipole is tilted about 11to the rotational axis, so that the
averageAlat = 2.5 shown in Table 2. For the 29-46 MeV geographic longitudinal gradient of a given should be<
protons, howeverA increases from 67.710 68.32, anin-  22°/18C, or < 0.12 per degree of longitude. From Fig. 1
crease of 0.6and a large fraction of the average sf.at = we estimate that the geographical longitudinal differences
1.8° in Table 2. The resulting increase Ad_at = 2.4 would between the observed and calculated cutoffs for a given orbit
make it comparable to that of the 20—29 MeV proton value. are < 5°, so the effective error for a giveALat is < 0.6.
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