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The South Atlantic Anomaly (SAA) is a region of weakened geomagnetic field and in the previous studies,
it shows a secular variation with time which is associated with the changing of the magnetic moment.
This region also consists of large amounts of energetic charged particles and is danger to space vehicle
and astronauts. Thus, it is essential to know the location and movement of the SAA. In this study, three
particle monitors onboard Insight-HXMT are used to track the movement and location of the SAA from
2017 June 19 to 2019 June 19. Several particle flux maps are built to show the location of the SAA
peak with time. In a grid of map, the particle count is determined by the maximum count rate and the
averaged count rate, respectively. We find the results of both methods are consistent very well with each
other in deriving the drift rate. The result shows the SAA peak moves westwards with an average drift
rate of 0.43 4 0.01°/yr in longitude and moves northwards with an average drift rate of 0.17 £ 0.01°/yr
in latitude, and the drift rate is slightly larger than the result from IGRF 12 (0.3°/yr) in longitude, but in
latitude, the result of IGRF 12 have no obvious change with time.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction tribution of particle fluxes change in response to temporal changes
in the geomagnetic field (Badhwar, 1997).

The South Atlantic Anomaly (SAA) is a region of weakened ge-
omagnetic field, spans from east of Africa over the Atlantic Ocean
to South America, and locates at a height of several hundred kilo-
meters above the Earth’s surface. Its peak in energetic particle flux
is close to the geomagnetic field minimum. While the location of
the minimum geomagnetic field within the SAA is also known to
show a secular variation with time, associated with the chang-
ing of the magnetic moment, moving westward and northward
(Anderson et al., 2018). The SAA also consists of large amounts
of energetic charged particles, mainly electrons and protons, and
these trapped ionized particles can produce electrical discharges

The Earth’s magnetic field can be considered as a magnetic
dipole with an axis that is offset from the Earth’s center by about
500 km towards Southeast Asia and inclined by about 11° with re-
spect to the Earth’s rotational axis (Pinto et al., 1992). A numerical
model called the International Geomagnetic Reference Field (IGRF)
model (Finlay et al., 2010; Thébault et al., 2015) is used to cal-
culate the Earth’s magnetic field on or above Earth’s surface. Its
current version is IGRF12 with a definitive main field model for
epoch 2010.0, a main field model for epoch 2015.0, and a lin-
ear annual predictive secular variation model for 2015.0-2020.0.
The coefficients in the IGRF model are time-dependent and the

time derivatives of these coefficients must be explicitly provided.
Moreover, the Earth’s magnetic field configuration determines the
trapping and distribution of energetic ionized particles and the dis-
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from differential surface charging aboard satellites and cause dam-
age to astronauts’ DNA. Satellites will suffer much strong radiation
when pass through the SAA, and this radiation damage and ac-
tivation of the satellites materials would make the instruments
unusable and produce ‘glitches’ or noise in astronomical data (An-
derson et al., 2018). Thus, it is essential to know the drift speed
of the SAA peak to improve the IGRF model, and the location of


https://doi.org/10.1016/j.jheap.2020.04.001
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jheap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jheap.2020.04.001&domain=pdf
mailto:zhaohs@ihep.ac.cn
https://doi.org/10.1016/j.jheap.2020.04.001

96 The Insight-HXMT Collaboration / Journal of High Energy Astrophysics 26 (2020) 95-101

the SAA to protect space vehicle and astronauts. In the previous
studies, a large number of measurements and investigations had
been carried out over many years (e.g., Badhwar, 1997; Ginet et
al., 2007; Grigoryan et al.,, 2008; Fiirst et al.,, 2009; Casadio and
Arino, 2011; Schaefer et al., 2016; Jones et al, 2017; Ye et al,
2017; Anderson et al., 2018). Badhwar (1997) used two data sets
from Skylab (50° inclination x 438 km orbit) and Mir orbital sta-
tion (51.65° inclination x 400 km orbit) to show that the drift
rates of the SAA between 1973 and 1995 are 0.28 + 0.03°W and
0.08 + 0.03°N per year. Fiirst et al. (2009) found that the SAA is
drift westwards with an average drift rate of about 0.3°/yr used
the RXTE (23° inclination x 592 — 488 km orbit) 12 years of con-
tinuously data from 1996 to 2007. But RXTE can not cover the SAA
completely and the result was dependent on fit shaping parame-
ters. Jones et al. (2017) used SAMPEX (82° inclination)/LICA data
to give a drift speed to be 0.20 & 0.04° per year westward and
0.11 £ 0.01° per year northward from 1993 to 2011. SAMPEX alti-
tude varied between 500 and 700 km and dropped sharply around
2000 by about 200 km. Schaefer et al. (2016) used DMSP (99° in-
clination x 840 km orbit) F16/SSUSI data to show an average of
0.36 +0.06°W/yr and 0.16 & 0.09°N/yr. And Anderson et al. (2018)
used DMSP/SS] and Proba-V/EPT to get a 0.28° W/yr and 0.06°N/yr
from 1988 to 2015. However, the SSUSI and SS] are in different lo-
cations on DMSP F16 and do experience a different population of
particles, and different SSJ instruments from DMSP F8 — F18 satel-
lites have different responses to charged particles. These facts can
lead to different locations of the SAA. In a word, the drift values of
the SAA appear to be spread over an abnormally large range. The
minimum drift rate reported is 0.17°/yr W and 0.08°/yr N, and the
maximum drift rate reported is 0.66°/yr W and 0.22°/yr N (Ander-
son et al., 2018).

In our study, we use data obtained by three particle monitors
on the Hard X-ray Modulation Telescope satellite from 2017 June
19 to 2019 June 19 to track the movement and the location of the
SAA.

2. Instrumentation and data acquisition

The Hard X-ray Modulation Telescope (dubbed as Insight-
HXMT) satellite (Zhang et al., 2020) was launched on 2017 June
15 in China with a quasi-spherical orbit at an altitude of 550 km.
With an inclination of 43° and an orbital period of 90 min, the
satellite passes fully through the SAA about 8 times per day on av-
erage. There are three main payloads onboard Insight-HXMT, the
High Energy X-ray telescope (HE) (Liu et al., 2020), the Medium
Energy X-ray telescope (ME) (Cao et al,, 2020) and the Low energy
X-ray telescope (LE) (Chen et al., 2020), to sum up a broad energy
band coverage of 1 — 250 keV. An auxiliary payload that carries
three identical particle monitors (PM) (Lu et al., 2020), is designed
to monitor the flux of high energy charged particles. Once the
count rate of particle monitors exceeds the threshold set by the
ground, especially when the satellite passes through the SAA re-
gion, the Insight-HXMT payloads will reduce the high voltages of
main payloads to protect themselves from damage.

The three particle monitors are integrated on the same support-
ing structure as the main payloads. One particle monitor numbered
0 (PMO) is put at the side of HE, while other two numbered 1
(PM1) and 2 (PM2) are installed on the opposite direction of PMO
and also put beside HE. Each particle monitor consists of a small
plastic scintillator and a photomultiplier tube (PMT), and the plas-
tic scintillator is machined into a cylinder with both a diameter
and a height of 10 mm, while PMT is used to read out the scintilla-
tion light. The surrounding of scintillator is an aluminum shell, and
this shell can block low-energy gamma-rays and become trans-
parent to high-energy gamma-rays. According to simulation, the
particle monitor is sensitive to electrons with energy higher than
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Fig. 1. The averaged observations of Fi97 cm flux vary with time during the time
between 2017 June 19 and 2019 June 19. The begin time is 2017 June 19.

Counts/s

2500

2000

1500

latitude (deg)
f=]

1000

SE T i R L L e e T 500

1 Il Il Il 1
-150 -100 -50 0 50 100 150
longtitude (deg)

Fig. 2. One day orbit and the count rate change of particle flux for PM2 of Insight-
HXMT on 2018 August 22. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)

1 MeV and protons with energy higher than 20 MeV. The incident
charged particles can hit the PM from frontside within 27 solid
angle and cause signal in plastic scintillator. If the amplitude of sig-
nal in PMT is higher than the threshold, the hit will be recorded.
Thus, the count rates of the three PMs will be recorded every
second but without energy resolution. Due to this quick readout
mode, the data obtained by PMs will not be saturated. The con-
stituents of PMs are carbon and hydrogen, and these elements are
to the least degree subjected to activation.

The Insight-HXMT data in this study comes from the time pe-
riod of 2017 June 19 to 2019 June 19. Corresponding to this period,
the averaged solar 10.7 cm radio flux (the data is downloaded
from the Space Weather Prediction Center) is shown in Fig. 1. And
in this period, most of the time solar is in lower activity. There are
several days around 2017 September 10, when solar was in higher
activity, while Insight-HXMT was shut down to protect the pay-
loads and no data was obtained by PMs. Beyond this, some time
intervals around this period are removed in this study. Some data
with bad quality, which may be due to data transmission error or
data processing error, are also removed. There is no obvious evi-
dence count rate excess, when the satellite is in time of gamma-ray
bursts or solar flare bursts.

In this period, the orbital altitude of Insight-HXMT consistently
varied between 530 km and 560 km, and the averaged altitude
was 545.5 km and decreased by 1 km/yr.

3. Methodology and results
3.1. Methodology

The count rates of PMs are related to attitude and their loca-
tion with respect to satellite. Fig. 2 shows one day orbit and the
change of count rate for PM2 on 2018 August 22, and the rates are
different when the satellite passes the same region with different
attitudes. There are only several events per second at most area
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Table 1

The start and stop time of data segments (the format of date is ‘yyyymmdd’). The different durations for these segments are due to the orbital coverage and orbital coverage

of Insight-HXMT is not uniform.

Bin number 1 2 3 4 5 6 7 8
Time 20170619 20170819 20171119 20180719 20181019 20181219 20190219 20190419
bins —20170819 —20171119 —20180719 —20181019 —20181219 —20190219 —20190419 —20190619
Duration days 61 92 242 92 61 62 59 61
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Fig. 3. The count rate values of three particle monitors versus time of Insight-HXMT
for a short time interval.

outside the SAA, while there are thousands of events per second
in the area of the SAA.

Fig. 3 shows the evolution of the count rates of the three
particle monitors versus time for a short time interval. The time
corresponding to the maximum of count rates for three PMs is dif-
ferent, especially for the time of PMO. On reason for the difference
is that they are in different locations and do experience a different
direction of particles. The largest time-lag is about 40 s, which cor-
responds to 2.4° in longitude and 0.4 — 0.8° in latitude. But after
each SAA passage, the count rates decrease rapidly, which indicates
that the surrounding materials and PM constituents (mainly carbon
and oxygen) have no obvious activation by space environment.

In order to study the location and movement of the SAA, a
particle flux map is determined with a time resolution of several
months (e.g., 2 months) and a spatial resolution of 0.5° in longi-
tude and 0.5° in latitude (each a 0.5° x 0.5° is called a grid).

For a grid, the satellite will experience many times with differ-
ent attitudes and hence, the maximum count rate in accumulated
observational data has a great probability to correspond to the
direction of maximum flux. Thus, there are two methods to deter-
mine the particle count of a grid at a given time bin: (1) method
A, the maximum count rate from the accumulated observational
data is taken as this grid’s particle count; (2) method B, the av-
eraged count rate is taken as particle count. Then, the count rate
values as a function of longitude/latitude are summed up over lat-
itude/longitude bins in the selected region. This distribution of the
count rates with longitude/latitude can be described using Weibull
function (Weibull, 1951), with the peak describing the position of
the SAA peak. The Weibull function is an asymmetric function and
defined by

Y Ak, 60) =
k —0 —0
A S P (- () x26 M
0 x<0

Here, x is the geographic longitude/latitude; A is the normaliza-
tion, A is the scale parameter, 6 is the shift parameter, and k is
the shape parameter of the Weibull function. The position of the
maximum of the Weibull function, %, is given by

The data of three particle monitors are used independently to
build the particle flux map. Fig. 4 shows the normalized particle
count rate values of three particle monitors versus longitude (left)
and latitude (right) for the time from 2017 June 19 to 2017 August
19, and the data are fitted by Weibull function (red line). Row 1,
2 and 3 show the data of PMO, PM1 and PM2, respectively, and
column 1 and 3 show the data of method A, while column 2 and
4 show the data of method B.

To determine the longitudinal location of the SAA, the data
are accumulated from —100°W to 30°E along the longitude and
from 0° to —43°S along latitude, while to determine the latitudi-
nal location, the data are accumulated from —180°W to 80°E along
longitude and from 0° to —43°S along latitude. Enlargement and
reduction of these ranges do not affect the determination of the
location of the SAA. The fit range is about from —68°W to —32°W
along longitude and from —35°S to —20°S along latitude. The error
from the range is less than 0.02° for both latitude and longitude.

To determine the drift of the SAA peak, the data over the 2-year
period are divided into 8 segments, each with a good orbital cov-
erage. Some segments have long duration since the Insight-HXMT
orbital coverage is not uniform. Table 1 shows the start and stop
time of these data segments.

3.2. Movement of the SAA

The particle count rates of each PM obtained by method A and
B as a function of longitude/latitude for each data segment are
fitted with the Weibull function and Fig. 5 shows the locations
(points) of the SAA peak for 8 segments of each PM. As shown
in Fig. 5, there is a clear offset between the SAA peak locations
of both methods. The identified longitude values of method A for
the SAA peak are slightly farther southern than those of method
B by about 0.4°, while the identified of latitude values of method
A are slightly farther northern than those of method B by about
0.5°. The locations of three PMs for method A show similar trends,
while the locations of PM1 and PM2 show similar trends, but dif-
ferent from the locations of PMO. The comparison of locations of
three PMs for each data segment shows that there are some dif-
ferences among them. These differences among PMs may be due
to the different surrounding materials, the triggered threshold en-
ergy, response to charged particles, and poor attitudinal coverage.
The surrounding materials, which can block and scatter the inci-
dent charged particles are different for the three PMs, especially
for PMO, which is closer to a star sensor. Although the triggered
threshold for electrons is designed to be about 1 MeV and that
for proton is about 20 MeV, they may be different for three PMs.
According to simulation (Lu et al., 2020), the threshold has a rela-
tionship to the temperature and the working temperature on board
Insight-HXMT for three PMs are different. While the data of all the
2 years are fitted by Weibull function and the identified positions
of the SAA peak are shown in Table 2. The differences of the iden-
tified peak among three PMs are less than the ones of the previous
results. So, one reason for the difference may be due to poor atti-
tudinal coverage.
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Fig. 5. The identified longitude and latitude values of the SAA peak. The lines are linear fits to the data for the two method and for the three particle monitors.

Table 2

The identified position of the SAA peak from 2017 June 19 to 2019 June 19.

Methon PM Longitude position (°) Latitude position (°)
Method A 0 —52.71+£0.02 —27.14+0.02

1 —52.80+0.02 —27.17£0.02

2 —52.72+£0.02 —27.31+£0.02
Method B 0 —52.27 +£0.02 —27.69+0.02

1 —52.38+0.02 —27.66 £0.02

2 —52.30+0.02 —27.77 £0.02
Method A ALL —52.74+0.01 —27.20+0.01
Method B ALL —52.32+0.01 —27.71£0.01

The identified longitudes and latitudes of the SAA peak ver-
sus time for both method A and B are fitted with a linear fit and
the fitted results indicate the drift rate of the SAA peak. Table 3
shows the linear fit results and the error comes from the fitted
error (if the error is less than 0.01°, 0.01° will be taken as er-
ror value). In Fig. 5, the lines show linear fits to the identified
longitudes and latitudes, and the movement is relatively linear.
For each method, the longitudes/latitudes of each data segment of
three PMs are averaged and these averaged positions are still fit-
ted with a linear fit. The result of the fit is —0.45 4+ 0.01°/yr in
longitude and 0.17 +0.01°/yr in latitude for method A, while for
method B, the result of the fit is —0.42 £ 0.01°/yr in longitude
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Table 3
The drift rate in longitude and latitude.

Methon PM Longitude drift (°/yr) Latitude drift (°/yr)
Method A 0 —0.31+0.01 0.10+0.01

1 —0.46+0.01 0.1140.01

2 —0.53+0.01 0.18 £0.01
Method B 0 —0.224+0.01 —0.03 +£0.01

1 —0.46 +0.01 0.24+0.01

2 —0.524+0.01 0.27 £0.01
Method A ALL —0.45+0.01 0.17 £0.01
Method B ALL —0.42 +0.01 0.17 +0.01
Combined AB ALL —0.43+0.01 0.17+£0.01
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Fig. 6. The intensity of the magnetic field in 20180619 from IGRF 12.

and 0.17 +0.01°/yr in latitude. The drift rates of two methods are
consistent with each other very well. At last, the results of both
methods are combined and the combined result is that the SAA
moves —0.43 + 0.01° westward per year and 0.17 = 0.01° north-
ward. In the previous studies, there is a wide range of published
results on the SAA movement and the result of this work is within
the range of published values. However, the drift rates (in both
longitude and latitude) of this work are larger than the results of
Badhwar (1997), Fiirst et al. (2009), Jones et al. (2017) and Ander-
son et al. (2018). Table 4 shows the comparison of the SAA drift
rates among these results. But the data obtained with these works
were taken as different altitude, different energetic particle and
different energy band.

The derived observational result for SAA movement is also com-
pared to the IGRF 12 model. Fig. 6 shows the intensity of the
magnetic field in 2018 June 19 from IGRF 12. Similarly, the maps
of magnetic field intensity are built at the center time of each bin
(shown in Table 1) with a spatial resolution of 0.1° x 0.1° and an
altitude of 550 km. The location of minimum intensity is searched
in a region of —80°W to —35°W in longitude, —35°S to —10°S
in latitude, with a step of 0.1° in both directions. Fig. 7 shows the
change from 2017 June 19 to 2019 June 19 in longitude and the
drift rate is fitted to a straight line, which denotes a drift rate of
0.3°/yr and hence the SAA moves westwards. But there is no ob-
vious change with time in latitude (the value is around —22.2°).

3.3. Mapping the SAA

Table 2 shows the Weibull fit results of the SAA peak and the
results of each PM are consistent very well with each other. But
there are some differences for the results of the SAA peak between
the both methods. Thus, in order to study the shape and location
of the SAA, the method A and method B are used to build the par-
ticle flux map, respectively. The maps of three PMs are combined
to build an averaged map. For both methods, the peak count rate is
normalized to 3000 cnt/s. Figs. 8 and 9 show the maps of the par-
ticle count of the three PMs obtained by the method A and B from
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2017 June 19 to 2019 June 19. The identified values of the SAA
peak for method A and B are —52.74 + 0.01°W, —27.20 4+ 0.01°S
(method A), and —52.32 + 0.01°W, —27.71 £+ 0.01°S (method B),
respectively. For IGRF 12, the position of minimum in the mag-
netic field at 2018 June 19 is about —57.7°W and —22.2°S.

In each grid, the particle count rate of method A is divided by
the one of method B, and this means the maximum particle count
rate when the satellite passes through this region is compared to
the averaged particle count rate. Fig. 10 shows the map of such a
ratio distribution. The maximum ratio is always located at higher
latitude region, while the minimum ratio is in the SAA region (near
—51°W and —31°S). The ratios in the SAA region are close to 1 and
this indicates that the particle fluxes in the SAA region are similar
in all directions. This is the reason why the results of two method
A and B are in good agreement.

We also compare the deviation to the averaged particle count
rate (o/f) for method B in each grid, and the definition of devia-
tion is given by:

1 N - 1
o= (ﬁ(g(ﬁ —-H?)? 3)
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Table 4

Comparison of the SAA drift rates between some previous studies and this work.
Years Altitude (km)  Longitude drift (°/yr)  Latitude drift (°/yr)  reference
1973-1995 438 and 400 0.28 +0.03 0.08 £0.03 Badhwar (1997)
2000-2006 400-1710 0.43+0.13 Ginet et al. (2007)
1996-2007  592-488 0.3 Fiirst et al. (2009)
2004-2011 850 0.36 +0.06 0.16 £ 0.09 Schaefer et al. (2016)
1993-2011 500-700 0.20+0.04 0.11+0.01 Jones et al. (2017)
1998-2015 840 0.28 0.06 Anderson et al. (2018)
2016-2019 550 0.43+0.01 0.17+£0.01 this work
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Fig. 10. The ratios of maximum fluxes per average flux.
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Fig. 11. The ratios of deviation to average fluxes.

where f; is the ith (i = 1...N) particle count rate, f means the av-
eraged particle count rate, and N is the total number of data point
number. Fig. 11 shows the ratios of deviation to average fluxes.
The minimum deviation also in the SAA region near —50°W and
—32°S. Both Figs. 10 and 11 are consistent with each other very
well. We also note that at the edge of the SAA, the particle fluxes
vary greatly in different directions.

4. Summary

The location of the SAA peak depends on the particle distribu-
tion in the radiation belts, the energy of the observed particles,
and the altitude of the observations (Anderson et al., 2018). In this
study, we have used three particle monitors aboard Insight-HXMT
to track the movement and location of the SAA from 2017 June 19
to 2019 June 19. In the last two years since launch, the orbital alti-
tude of Insight-HXMT kept around 550 km and only decreased by
1 km/yr mainly due to the atmospheric drag. And during this pe-
riod, the solar 10.7 cm radio flux was almost constant and kept at
a low level. The particle flux is inversely correlated with the 10.7
cm radio flux, and this inverse-correlation is due to heating of the
upper atmosphere. The heating leads to a higher neutral density
in the altitude region of the SAA and consequently to a higher
absorption and deflection of trapped particles, which results in a
lower particle flux compared to times of lower solar activity (Fiirst

et al., 2009). Thus, this two-year 10.7 cm radio flux provides a
constant space environment to monitor the movement of the SAA.
More interestingly, the Sun will be still in lower activity in 2020.

To study the location of the SAA, the averaged count rate
method and the maximum count rate method are used to build
the maps. The averaged count rate method was widely adopted
previously and gives the peak of the SAA of —52.32 4+ 0.01°W,
—27.71 £ 0.01°S, while the maximum count rate method gives
the peak of the SAA of —52.74 + 0.01°W, —27.20 + 0.01°S. The
shapes and drift rates between both methods are consistent with
each other. We found that the particle fluxes in all directions are
consistent with each other in the SAA region, but vary greatly at
the edge of the SAA. A linear fit is used to localize the position of
the SAA peak and this Insight-HXMT data confirm earlier measure-
ments of a westward drift of the SAA with a rate of 0.43 4 0.01°,
a northward drift with a rate of 0.17 4 0.01°. But, from Fig. 5, the
identified positions show that the drift rates is not constant. The
drift rates of this work are also compared to the IGRF 12 model
and it is slightly larger than the result form IGRF 12 (0.3°/yr) in
longitude, but in latitude, the result of IGRF 12 have no obvious
change with time.
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