
1. Introduction

Dynamics of energetic electron fluxes in the outer radiation belt are controlled by a balance between electron 

losses and acceleration (Millan & Baker, 2012; Millan & Thorne, 2007). There are many mechanisms contrib-

uting to both processes (see reviews by Shprits, Subbotin, Meredith, & Elkington (2008), Shprits, Elkington, 

Meredith, Subbotin (2008), Li & Hudson (2019), and Thorne et al. (2021)). Initially transported from the plasma 

sheet, electrons undergo the adiabatic acceleration (Galperin et  al.,  1978; Lyons,  1984), which is especially 

effective for fast spatially localized injections (Birn et al., 1998, 2004; Gabriels et al., 2012, 2014) occurring on 

the timescale of minutes to about an hour (Gabrielse et al., 2019; Sorathia et al., 2018; Turner et al., 2016). The 

injected electron populations are quite unstable to the generation of whistler-mode waves (Le Contel et al., 2009; 

Tao et al., 2011; X. Zhang, Angelopoulos, et al., 2018), that further accelerate a small fraction of injected elec-

trons (Chen et al., 2007; Green & Kivelson, 2004). Such an acceleration is generally a diffusive process (Horne 

et al., 2005; Shprits, Subbotin, Meredith, & Elkington, 2008), that results in formation of relativistic electron 

fluxes on a timescale of hours (Allison & Shprits, 2020; Li, Thorne, et al., 2014; Thorne et al., 2013). However, 

a much faster electron acceleration is possible within spatially localized sources regions of intense whistler-mode 

waves (Agapitov et al., 2015; Foster et al., 2014; Gan et al., 2020). Electron loss mechanisms include the elec-

tron scattering by waves (Millan & Thorne, 2007) and losses through the magnetopause (Hudson et al., 2014; 

Shprits et  al.,  2006; Turner et  al.,  2012). Depending on the wave-mode contributing to scattering, electron 

losses can take from days (e.g., for electron scattering by low-intensity hiss waves, see Ma et al., 2016, 2017; 

Mourenas et al., 2017; Ni et al., 2013) to minutes (e.g., for electron scattering by electromagnetic ion cyclo-

tron waves, see Blum, Li, & Denton, 2015; Grach et al., 2021; Kersten et al., 2014; Ni et al., 2015; Omura & 

Zhao, 2013). Overall, the range of timescales of losses through the magnetopause is quite large, are similar to a 

large range of the magnetopause motion scales controlled by solar wind transients (Elkington et al., 2004; Hudson 

et al., 1999, 2008). All  these mechanisms of electron acceleration and losses cause electron flux variations on 

timescales from minutes to days (Claudepierre et al., 2020a, 2020b; Morley, Friedel, Cayton, et al., 2010; Turner 

et al., 2013, 2015).
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Spacecraft probing and tracing of electron fluxes at different timescales is crucial for quantifying relative contri-

butions of different acceleration and loss mechanisms. There are two main approaches for such tracing. (a) Equa-

torial spacecraft observe the evolution of electron fluxes within a certain L-shell range with time steps of about 

spacecraft orbit period. This time step is reduced for multispacecraft missions (e.g., THEMIS and Van Allen 

Probes; see Thorne et al. (2013); Turner et al. (2013); Shprits et al. (2016)) for particular events, but still mostly 

remains about several hours (Claudepierre et al., 2020a, 2020b; Turner et al., 2015). (b) Low-altitude spacecraft 

yield electron flux L-shell profiles collected every few minutes, and the time step between such snapshot-profiles 

is about couple of hours for typical spacecraft orbit periods (e.g., POES, see Capannolo et  al.,  2018,  2019, 

CubeSats, e.g., Mourenas et al., 2021; Zhang, Li, et al., 2017 and others Y. Zhang, Ni, et al., 2018). However, 

low-altitude measurements are restricted to a relatively small fraction of the equatorial electron distribution 

around and within the loss cone pitch angles. Evolution of this low pitch angle electron distribution does not 

necessary reflect the evolution of the core population trapped around the equator, and such measurements are 

mostly useful during strong-scattering events characterizing by nearly isotropic equatorial electron distributions 

(see discussion in Rodger et al. (2013)).

A promising opportunity for tracing the electron flux dynamics with a sufficiently high time resolution using 

measurements of multiple Global Positioning System (GPS) satellites has been demonstrated by Morley, Friedel, 

Clayton, et al. (2010); Morley et al. (2016), Boynton et al. (2017), and Smirnov et al. (2020). Up to 23 satellites 

(in the v1.09 public release of GPS particle data, see Carver et  al.,  2020; Niyazov et  al.,  2021) travel along 

medium Earth orbits (with the equator crossing around L ∼ 4.2) and are equipped with Combined X-ray Dosime-

ter (Morley et al., 2016; Morley, Friedel, Spanswick, et al., 2010). Combining measurements of identical detectors 

on multiple satellites, one can obtain a continuous (L-shell, time) distribution of electron fluxes with a sufficiently 

small time step ≤1 hr. GPS orbits, however, allow equatorial flux measurements only at L ∼ 4.2, whereas meas-

urements at high L-shells gather only a fraction of the equatorial electron population with pitch angles sufficiently 

small to reach middle latitudes of GPSs. Therefore, to estimate (L-shell, time) distributions of equatorial electron 

fluxes for a wide L-shell range, the GPS measurements should be projected to estimate the equatorial flux. In 

this report, we provide the formulas for such a projection based on comparison of conjugated GPS and equatorial 

THEMIS observations. Such projection technique is similar to techniques previously proposed for comparison of 

near-equatorial measurements with measurements of low-orbiting spacecraft (Allison et al., 2018; Claudepierre 

& O’Brien, 2020).

This paper has the following structure: the description of GPS and THEMIS conjunction measurements is in Sect. 

2, estimations of the projection factors for different GPS energy channels, L-shells is in Section 3, verification of 

projected GPS measurements is in Section 4, discussion of an applicability of a new data set derived from GPS 

for resolving equatorial electron flux dynamics is in Section 5. Finally, conclusions are in Section 6.

2. GPS and THEMIS Data Sets

To compare GPS and THEMIS (Angelopoulos, 2008) energetic electron fluxes, we collect the statistics of events 

with conjunctions of one of three THEMIS spacecraft (ThA, ThD, ThE) and one of GPS spacecraft (#53–73, 

excluding #60). Each event includes 4  min measurement of GPS Combined X-ray Dosimeter (CXD) (Distel 

et  al.,  1999; Morley et  al.,  2016,  2017) and 4 min averaged measurements of THEMIS solid state telescope 

(SST) (Angelopoulos et al., 2008), that have a 3 s spin resolution. We use CXD electron fluxes evaluated at five 

energies ([120, 210, 300, 425, 600] keV), as provided in the v1.09 GPS energetic particle data product archived 

by NOAA  (see Data Availability Statement). These energies lie within the range of CXD's Low Energy Particle 

(LEP) sensor (Tuszewski et al., 2004) and are obtained by flux forward modeling and cross-calibrated with Van 

Allen Probes (Mauk et al., 2013) measurements as described by Morley et al. (2016). THEMIS SST measure-

ments of fluxes were interpolated into these five energies.

The definition of a conjunction event includes requirements of MLT difference between THEMIS and GPS 

below 2 hr and L-shell difference (calculated using the T96 model, Tsyganenko, 1995 and TS04, Tsyganenko 

& Sitnov, 2005 model) below 1. Note that we used two independent data sets of GPS/THEMIS conjugations 

calculated with two magnetic field models to check how uncertainties of such conjugations impact the final coef-

ficients for equatorial GPS fluxes. Figure 1a shows examples of THEMIS and GPS orbits in L, MLT plane, and 
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Figure 1b shows total number of such conjunction events between one out of three THEMIS and one out of 20 

GPS spacecraft in 2013–2020 (altogether there were ∼124,000 such events).

3. GPS-THEMIS Conjunction Measurements

To compare GPS CXD and THEMIS SST fluxes for a given energy, we bin a L-shell range L ∈ [4, 10] and we 

determine a probability distribution F(JGPS/JTHEMIS) of flux ratio with the normalization of the integral of F to 

one. Figures 2 and 3 show a set of such 2D distributions in the (L, log10(JGPS/JTHEMIS)) space for five energies and 

two magnetic field models used to determine GPS/THEMIS conjugations. The trends of GPS/THEMIS ratio 

with L are very similar for both data sets. For 120–300 keV, the flux ratio JGPS/JTHEMIS decreases with L going 

from 8 to 5, and for L < 5 we can see some weak trend of JGPS/JTHEMIS → 1, but this trend is obscured by a large 

uncertainty of JGPS/JTHEMIS due to the THEMIS SST saturation in such low L. For 600 keV, the flux ratio JGPS/

JTHEMIS increases with L going from 8 to 5, and we have the same problem with high JGPS/JTHEMIS spreading for 

L < 5 due to THEMIS SST saturation.

There are at least two main factors contributing to the dependence of JGPS/JTHEMIS on L for L ∈ [5, 8]: (a) higher 

L values mean larger GPS magnetic latitudes and smaller electron fluxes for an anisotropic equatorial electron 

distribution JTHEMIS ∼ sin nαeq (with n > 0 and αeq being the equatorial pitch angle), (b) higher L values correspond 

to more isotropic electron distributions (due to electron scattering) and n → 0 with an expected weak depend-

ence of JGPS on magnetic latitudes (see pitch angle models of electron fluxes in Gannon et  al.  (2007), Chen 

et al. (2014), Shi et al. (2016), and Zhao et al. (2018)). The first effect seems to dominate the dependence of the 

JGPS/JTHEMIS ratio on L-shell for 600 keV electrons with a clear JGPS/JTHEMIS decrease for large GPS magnetic lati-

tudes. The second effect seems to dominate the dependence of the JGPS/JTHEMIS ratio on L-shell for 120–300 keV, 

for which the isotropization (n → 0) becomes more significant than the increase of GPS latitudes with L. For 

425 keV, electron fluxes these two effects seem to roughly compensate each other and the JGPS/JTHEMIS ratio 

almost does not depend on L ∈ [5, 8].

For each L-shell bin, we determined the peak of probability distribution F(JGPS/JTHEMIS) and fit dependence of this 

peak flux ratio on L as

log10 (�GPS∕�THEMIS) = � ⋅ � + � (1)

with energy-dependent coefficients a, b given in Table 1. This fitting is applicable for L > 5. The THEMIS 

SST was not designed to measure high fluxes that are typical for L < 5. Fitting (Equation 1) does not show 

any dependence on MLT of JGPS/JTHEMIS because our data set of JGPS/JTHEMIS covers all MLT sectors, but we 

did not find JGPS/JTHEMIS dependence on MLT. Figure  4 shows that although the major part of statistics of 

Figure 1. (a) An example of THEMIS (red curve) and several Global Positioning System (GPS) spacecraft (black dots) orbits 

in the L, MLT plane. (b) The number of THEMIS-GPS conjugation events for different years for (Tsyganenko, 1995) model.
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GPS/THEMIS conjunctions are collected around MLT ∈ [9, 16], we have a good coverage for all MLT bins. 

Therefore, fitting (Equation 1) should describe the main trend of flux ratio change with L regardless of the 

MLT value.

4. Projected GPS Fluxes and Comparison With THEMIS Data

To verify our fitting coefficients, we used entire 1 year (2016) of GPS CXD measurements (from all 20 GPS 

satellites) and projected the measurement fluxes to the equatorial plane according to fitting (Equation 1):

𝐽𝐽
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
= 𝐽𝐽𝐺𝐺𝐺𝐺𝐺𝐺10

−(𝑎𝑎𝑇𝑇 𝑇𝑇⋅𝐿𝐿+𝑏𝑏𝑇𝑇 𝑇𝑇) (2)

Figure 2. Probability distributions F(JGPS/JTHEMIS) of the flux ratio for five energies for the data set using (Tsyganenko, 1995) model. For each L-shell bin (i.e., on every 

row) integral of F(JGPS/JTHEMIS) is normalized to one, that is, each row shows the conditional probability distribution of log(JGPS/JTHEMIS). Thus, the deeper white color 

indicates the maximum of F on a given row. The same figure, but with a different colormap can be found in Supporting Information S1.
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In other words, 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 is the flux that THEMIS SST is expected to measure, 

had it been located in a conjunction with GPS.

We now compare probability distributions of the projected 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 flux and 

real THEMIS SST measurements for different energies and L-shells. Figure 5 

shows probability distributions (normalized to unity for each L-shell bin) for 

120 keV electrons. Projected 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 and JTHEMIS fluxes show a similar depend-

ence on L (top panels), whereas probability distributions of these fluxes 

almost coincide for L ≥ 6 (bottom panels). For L < 5.5, the probability distri-

bution of JTHEMIS becomes narrow and fluxes do not exceed a certain limit 

due to the SST saturation. This explains the difference between GPS and 

THEMIS fluxes for L < 5, where GPS is sufficiently close to the equator to 

measure the main part of electron pitch angle distribution. Figure 6 is the 

same as Figure 5, but for the 600 keV energy channel.

Figure 3. The same as in Figure 2, but for the data set using (Tsyganenko & Sitnov, 2005) model.

energy, keV bT96 aT96 bTS04 aTS04

120 −1.627 0.141 −1.871 0.176

210 −1.444 0.0926 −1.705 0.146

300 −1.344 0.0555 −1.798 0.133

425 −1.25 0.0 1.204 0.006

600 −0.859 −0.093 −1.009 −0.056

Note. These coefficients can be fitted as linear functions of energy: 

bT96 ≈ 0.149 ⋅ (E/100 keV) − 1.799, aT96 ≈ − 0.0479 ⋅ (E/100 keV) + 0.1978, 

bTS04 ≈ 0.353 ⋅ (E/100 keV) − 2.204, aTS04 ≈ − 0.052 ⋅ (E/100 keV) + 0.253.

Table 1 

Coefficients of Fitting log10(JGPS/JTHEMIS) = a ⋅ L + b for Two Data Sets 

Compiled With (Tsyganenko, 1995) and (Tsyganenko & Sitnov, 2005) 

Magnetic Field Models
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5. Discussion of Applications of Projected GPS CXD Fluxes

The fittings from Table 1 can be used for projection of GPS CXD fluxes to equatorial values. Taken together, 

measurements of multiple GPS satellites provide a high-temporal resolution of L-shell distributions (Morley 

et al., 2016; Morley, Friedel, Cayton, et al., 2010). Such projected fluxes can be used for tracing of mesoscale 

(∼hour) dynamics of energetic electron fluxes in the L ∈  [5, eight] region. Figure 7 shows a comparison of 

𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 and JTHEMIS for ∼1 day resolution (full THEMIS orbital period) fluxes for 1 year of observations, whereas 

Figure 8 shows advantages of a high-temporal resolution 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 for 1 month of measurements. In both figures, the 

𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
∕𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺 flux ratio is within [1/3, three] range for L > 5 most of the time, which indicates that the projec-

tion based on the proposed fitting works well. Figure 8 demonstrates that a high-resolution 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 captures many 

fine structures of energetic electron flux dynamics: temporally localized ∼±1 hr plasma sheet injections shown 

as flux increase for a wide L-shell range and spatially localized L ∈ [4.5, seven] long-living flux increases (which 

Figure 4. Histograms (number of observations) on the ((JGPS/JTHEMIS), MLT) plane for five values of energy and L ∈ [6, 9]. The same figure, but with a different 

colormap can be found in Supporting Information S1.
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may be induced by a local acceleration due to the wave-particle resonant interaction, see Green & Kivelson, 2004; 

Shprits, Subbotin, et al., 2008). Therefore, projected to the equator 𝐴𝐴 𝐴𝐴
∗

𝐺𝐺𝐺𝐺𝐺𝐺
 may be useful for tracing the mesoscale 

dynamics of energetic electrons.

The projected GPS flux data set contains only omnidirectional fluxes 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 . Nevertheless, the high-temporal 

resolution of L-shell flux distributions can be used in investigations that are challenging for data sets collected 

by equatorial spacecraft with much lower temporal resolution of L-shell flux distributions. (a) Combination of 

the 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 data set (or GPS-based empirical models, e.g., Smirnov et al., 2020) and equatorial (e.g., Van Allen 

Probes, Mauk et al., 2013; THEMIS, Angelopoulos, 2008; ERG, Miyoshi et al., 2018) spacecraft measurements 

of electromagnetic waves and energetic electron fluxes can help separating spatial and temporal flux variations. 

Localized increases/decreases of fluxes associated with the wave activity measured by near-equatorial spacecraft 

can be compared with high-temporal resolution electron flux 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 distributions along an L-shell to separate 

effects of radially moving injections and local electron acceleration/scattering by waves. (b) Combination of 

the 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 data set and low-altitude (e.g., POES (Evans & Greer, 2004) and CubeSats (Angelopoulos et al., 2020; 

Blake & O’Brien,  2016; Johnson et  al.,  2020)) measurements of electron precipitations can help correlating 

spatially localized flux variations and electromagnetic wave activity and can supplement existing models 

projecting low-altitude measurements to the equator (Allison et al., 2018; Claudepierre & O’Brien, 2020). The 

Figure 5. (a, b) Probability distributions of projected Global Positioning System Combined X-ray Dosimeter (GPS CXD) flux 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 and THEMIS SST flux JTHEMIS for 

different L-shell bins. For each L-shell bin the integral of the probability distribution is normalized to unity. (c) Probability distributions of 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 and JTHEMIS for four 

L-shell ranges. Data are presented for the electron energy of 120 keV. The same figure, but with a different colormap can be found in Supporting Information S1.
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enhanced precipitations of ∼30–100 keV electrons measured by low-altitude spacecraft are generally associ-

ated with equatorial whistler-mode wave activity (Li et al., 2013; Li, Mourenas, et al., 2014; Ni et al., 2014), 

whereas precipitations of relativistic electrons are associated with electromagnetic ion cyclotron waves (Blum, 

Halford, et al., 2015; Capannolo et al., 2019; Y. Zhang, Shi, et al., 2017). Therefore, correlation of intensity of 

precipitations and high-temporal resolution 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 can reveal the role of whistler-mode waves in localized elec-

tron accelerations and help quantifying timescales of such acceleration. (c) Correlation of the 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 data set 

and ground-based measurements of ultralow-frequency (ULF) waves can help quantifying ULF contribution to 

the electron radial transport and acceleration and distinguishing this contribution from effects of whistler-mode 

waves. The high-temporal resolution 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 data set provides almost continuous equatorial flux measurements 

within given L-shell and MLT range. Therefore, such data set can effectively supplement continuous ULF wave 

measurements by multiple ground-based stations (e.g., Mann et al., 2016). Correlation of 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 variations and 

ULF wave activity may address the question of different type/characteristics of ULF waves in controlling ener-

getic electron flux dynamics (e.g., Lejosne & Kollmann, 2020).

Figure 6. The same as in Figure 5, but for 600 keV. The same figure, but with a different colormap can be found in Supporting Information S1.
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6. Conclusions

In this report, we presented results of a comparison of energetic electron flux measurements by near-equatorial 

THEMIS SST and middle latitude GPS CXD. Using 10 years of THEMIS SST and GPS CXD observations, 

we compiled a data set of magnetic conjunction (L, MLT) events and determined CXD to SST flux ratio as 

a function of energy and L-shell. This flux ratio has been fitted as log10 (𝐽𝐽𝐺𝐺𝐺𝐺𝐺𝐺∕𝐽𝐽𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺 ) = 𝑎𝑎(𝑇𝑇) ⋅ 𝐿𝐿 + 𝑏𝑏(𝑇𝑇) . 

Obtained fitting allows projection of GPS CXD fluxes to the equatorial plane and such flux projection has 

been verified for statistics of THEMIS SST and GPS CXD measurements (without restrictions of magnetic 

conjunction). The projected flux data set provides an opportunity for tracing dynamics of energetic electron 

flux distributions over L-shell with a high-temporal resolution of ∼1 hr. Moreover, as GPS constellation is 

active, this projection technique will continue to be applicable into the future as new GPS measurements 

becomes available.

Figure 7. Projected Global Positioning System Combined X-ray Dosimeter (GPS CXD) flux 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 and THEMIS SST flux JTHEMIS distributions for four electron 

energies and 1 year of observations. The time-averaging window is 1 day. In each of four panels, the top plot is 𝐴𝐴 𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝐺𝐺
 , the middle plot is JTHEMIS, and at the bottom is 

the flux ratio 𝐴𝐴 𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇∕𝐴𝐴
𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝑇𝑇
 , where the white region is where 𝐴𝐴 𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇∕𝐴𝐴

𝑒𝑒𝑒𝑒

𝐺𝐺𝐺𝐺𝑇𝑇
∈ [1∕3, 3] . The same figure, but with a different colormap can be found in Supporting 

Information S1.

 2
1
6
9
9
4
0
2
, 2

0
2
2
, 1

0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
2
JA

0
3
0
7
2
4
 b

y
 U

n
iv

ersity
 o

f C
alifo

rn
ia - L

o
s A

n
g
e, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

8
/0

4
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



Journal of Geophysical Research: Space Physics

CURTIS ET AL.

10.1029/2022JA030724

10 of 13

Data Availability Statement

The v1.09 public release of GPS CXD data is available at https://www.ngdc.noaa.gov/stp/space-weather/satel-

lite-data/satellite-systems/gps/data/, and THEMIS SST level 2 data is available at http://themis.ssl.berkeley.

edu. THEMIS data T96 model (Tsyganenko, 1995), and TS04 (Tsyganenko & Sitnov, 2005) model access and 

processing were done using SPEDAS V4.1, see Angelopoulos et al. (2019).
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