
1.  Introduction
The Earth's magnetosheath and cusps are the sources of soft X-rays. The soft X-rays result from the Solar Wind 
Charge Exchange (SWCX) between heavy highly ionized solar wind ions (e.g., O 7+) and exospheric neutrals (only 
H for the magnetospheric emission). The heavy ion picks up an electron from the neutral, this electron enters 
into a high-energy orbit and then transitions to a lower-energy orbit with the emission of a photon. Recent stud-
ies (e.g., Branduardi-Raymont et al., 2012; Carter et al., 2010; Collier & Connor, 2018; Robertson et al., 2006; 
Sibeck et al., 2018; Sun et al., 2019; Walsh et al., 2016) showed that the X-ray emission in the magnetosheath can 
be measured and the two-dimensional (2-D) images obtained can be used for reconstruction of the magnetopause 
position and shape. A number of missions have been proposed or are being developed to implement this finding. 
One of these new missions, Solar wind Magnetosphere Ionosphere Link Explorer (SMILE) is due to launch in 
early 2025. One of the instruments onboard will be the Soft X-ray Imager (SXI) designed for measuring this 
X-ray emission.

In the accompanying paper (Paper 1) and this paper (Paper 2), we discuss the methods of finding the magneto-
pause position by analyzing the X-ray images. In Paper 1, we presented the simulations of the two MHD models, 
the Space Weather Modeling Framework (SWMF) and Lyon-Fedder-Mobarry (LFM), for one artificial (Case 1) 
and one real (Case 2) event. Since we do not expect heavy solar wind ions to penetrate into the magnetosphere, 
we employ the magnetospheric masking methods to outline the magnetospheric region and replace the density 
obtained there from the MHD simulations with zero. Note that we need the magnetospheric masking only while 
processing the MHD simulations and we need not use these methods for the SMILE data. We calculated the X-ray 
emissivity in a 3-D cube using the simulation results. All these details are presented in Paper 1. In Paper 2, we 
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Plain Language Summary  This is the second of two papers presenting the techniques to estimate 
the Earth's magnetopause location (the outer boundary of the magnetosphere) under the impact of the highly 
dynamic solar wind. Our knowledge of the overall shape of the magnetopause will be vastly improved when we 
start using X-ray imagers to monitor large areas around this boundary as the solar wind varies. In this second 
paper of the series, we make use of the X-ray emissions in the vicinity of the Earth simulated in the first paper 
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of how to extract the magnetopause shape and position from X-ray maps of the type that will be returned by the 
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integrate this emissivity along the line-of-sight (LOS) to obtain 2-D images. We place an imaginary spacecraft at 
points along the SMILE trajectory and obtain idealized integrated X-ray emissivity and SXI counts maps using 
software developed for SXI simulations. We show how to get the maximum emissivity by analyzing SXI counts 
maps including instrumental noise.

Several methods have been already suggested to analyze the X-ray images and extract the information about 
the three-dimensional (3-D) magnetopause, such as the tangential direction approach (Collier & Connor, 2018; 
Connor et al., 2021; Sun et al., 2019), the boundary fitting approach (Jorgensen, Sun, Wang, Dai, Sembay, Wei, 
et al., 2019; Jorgensen, Sun, Wang, Dai, Sembay, Zheng, et al., 2019), and the tangent fitting approach (Sun 
et al., 2020). The maximum of X-ray emissivity has been interpreted to coincide with the tangential direction to 
the magnetopause. The 3-D magnetopause can be reconstructed for constant solar wind conditions using a set 
of successive X-ray images along a spacecraft trajectory (Collier & Connor, 2018) or using only one image but 
making the assumption that the subsolar magnetopause is described by parametric expressions (Sun et al., 2020). 
However, the parametric expression in Sun et al. (2020) is not universal and, in particular, does not include the 
dipole tilt. In this paper, we verify the tangential direction approach using the results of MHD simulations. We 
discuss the accuracy of finding the magnetopause position using this approach and compare the results of differ-
ent MHD models and different techniques of masking the magnetosphere in simulations.

In Paper 1, we already presented the formula for the soft X-ray emissivity Px:

𝑃𝑃𝑥𝑥 = 𝛼𝛼𝛼𝛼𝑆𝑆𝑆𝑆𝑁𝑁𝐻𝐻𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟, here 𝛼𝛼 = 10−15𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒
2
, and 𝑁𝑁𝐻𝐻 = 25(𝑅𝑅∕10𝑅𝑅𝐸𝐸)

−3� (1)

Px is proportional to the solar wind density NSW, the exospheric neutral density NH, and the relative velocity Vrel. 
The solar wind density and relative velocity are obtained from MHD simulations, while the neutral density varies 
with the geocentric distance as suggested by Cravens et al. (2001). Connor et al. (2021) compared the dayside 
neutral density profiles along the Sun-Earth line obtained in several publications. The different studies predict a 
qualitatively similar decrease in the neutral density with an increase in the radial distance, although the values near 
the subsolar magnetopause may be different depending on the methods applied. In particular, the neutral density 
at 10 RE subsolar location ranges from 4 to 59 cm −3 in the different models, therefore the value of 25 cm −3 used in 
our work is located somewhere in the middle between the different estimates. We expect that using other models 
for the neutral density would not change the conclusions of this work. Expression (1) contains the emission scale 
factor α which depends on the charge transfer cross section, the fraction of high charge state ion species in the solar 
wind, the proton energy, etc. (e.g., Sibeck et al., 2018). The value of 10 −15 eV cm 2 has been used by (Jorgensen, 
Sun, Wang, Dai, Sembay, Wei, et al., 2019; Sun et al., 2019, 2020) and this agrees with the earlier estimations 
(Cravens, 2000).

We simulate two cases with a northward interplanetary magnetic field (IMF) using two global MHD models, 
SWMF and LFM, and apply the masking methods explained in detail in Paper 1. The first case is artificial 
with constant solar wind conditions that correspond to a moderately compressed magnetosphere. In the second 
case, we use the solar wind conditions from the Wind spacecraft on 16–17 June 2012. This event consists of an 
interplanetary coronal mass ejection (ICME) characterized by a large solar wind density. We do not have in situ 
observations of the magnetopause crossings to compare with the simulations in this case, but previous studies 
showed a reasonably good agreement between them in the predictions of magnetopause position (e.g., Samsonov 
et al., 2016).

In the next section, we briefly describe the method of finding the integrated X-ray emissivity and SXI counts 
maps and present the results of the simulation in cases 1 and 2. We also show how the X-ray images will change 
while moving along the spacecraft orbit. In Section 3, we test the hypothesis that the maximum of the integrated 
emissivity is located along a tangent to the magnetopause. In the last section, we discuss the results and draw 
conclusions.

2.  Integrated X-ray Emissivity and SXI Counts Maps
2.1.  SXI Simulation Software

SXI_SIM is the instrument simulation software used by the SMILE SXI project. The software, written using 
the Interactive Data Language, is not public but is available to SXI consortium members upon request to the 
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project principal investigator (PI). SXI_SIM outputs images and spectral data products which are predictions 
of the type of science data the SXI instrument will deliver for a given input. The primary input to the software 
is a three-dimensional data cube giving some derived prediction of the foreground SWCX X-ray emissivity Px 
around  the Earth and at a spacecraft/instrument position and viewing direction relative to that cube in the same 
coordinate system. The X-ray emissivity cube is derived from the simulations using MHD codes as described in 
Paper 1. The software then derives a two-dimensional map by integrating along a grid of directions within the 
instrument field-of-view. The units of this integrated emissivity Ix are keV cm −2 s −1 sr −1.

This foreground SWCX emission map plus maps giving the predicted X-ray background in the same units for 
the given view direction are the primary X-ray input into the main instrument simulator. In addition, a prediction 
of the particle-induced background within the instrument completes the background components, however, over 
the main science energy band of interest (which is around 0.2–2.0 keV) the background is dominated by the 
direct X-ray background which is mainly comprised of astrophysical diffuse and point-like components. The 
project uses for this purpose published ROSAT (Truemper, 1982) data downloaded from NASA's HEASARC 
Data Centre (https://heasarc.gsfc.nasa.gov).

Finally, in addition to the input maps are spectral files giving the relative intensity of a given component as a 
function of energy. For example, in the case of the foreground SWCX emission this is the relative strength of 
each charge exchange emission line as a function of energy. The SWCX spectrum is known to depend on the solar 
wind state (Koutroumpa et al., 2009) and for self-consistency a SWCX spectral file appropriate to the solar wind 
conditions used to derive the initial 3-D emissivity SWCX emissivity cube should be used.

SXI_SIM then takes this input and folds the spatial maps and spectral files through the instrument response to 
derive a predicted total observed X-ray counts map for a given user specified integration time and output energy 
band. The instrument response is essentially the whole telescope effective area which is a function of energy and 
angular position within the field-of-view (the vignetting function). The spectral files are used to weight the output 
counts for the specified output energy band. The integration time and pixel size of the output maps are at the 
discretion of the user but are generally much larger than the native time and spatial resolution of the instrument. 
Poisson noise is then added at this stage to the output map.

From the total observed maps the software then finally outputs a processed version where the predicted back-
ground model is subtracted and the final background-subtracted map is corrected for the telescope vignetting 
function. This produces a prediction of the foreground SWCX emission but with a noise per pixel appropriate to 
the total input components and background subtraction process. This output (Ix and SXI counts maps) is used in 
the remainder of this paper.

2.2.  Results for Case 1

We make simulations with the SWMF model and apply the masking methods explained in details in Paper 1. Case 
1 is an artificial case with fixed solar wind conditions: the ion density NSW = 12.25 cm −3, the velocity along Sun–
Earth line 400 km/s, BX = BY = 0, and BZ = 5 nT. Figure 1 shows the integrated emissivity Ix (panel a) and SXI 
counts maps with a 1° resolution for three different integration times 300, 600, and 1,200 s (panels b–d) calcu-
lated by the SXI_SIM software. An imaginary spacecraft is located at (6.57, −5.94, 17.33) RE in GSM coordinates 
(this corresponds to a point along the SMILE orbit near apogee in April 2025). The SXI instrument is oriented in 
such a way that the center of the field of view (FOV) (i.e., aim point) is directed toward the approximate subsolar 
magnetopause, at (9.7, 0, 0) RE. ϕ = 0 on Figure 1 and below corresponds to the plane passing through the space-
craft and the x axis (Sun–Earth line). The θ = 0 plane is orthogonal to the ϕ = 0 plane and contains the points of 
the spacecraft and the aim point (9.7, 0, 0) RE.

As expected, the source of the strongest emissivity in the FOV is the magnetosheath which has an arc-shape in 
Figure 1a. The integrated emissivity significantly decreases for the rays on the right side of the panel outside of 
the SXI FOV (for θ > 8°), that is, for those staying completely in the supersonic solar wind. The Ix also decreases 
for the rays passing through the magnetosphere on the left side of panel a (θ < −5°) but this decrease is slower 
than in the solar wind. Note that these rays cross both the magnetosphere and the magnetosheath on the flanks; 
while the magnetospheric emissivity drops to zero, the magnetosheath emissivity on the flanks is still usually 
higher than that in the solar wind (see, e.g., Figures 8c and 8d in Paper 1). Figures 1b–1d shows the SXI counts 
maps for different integration times. Ideally, we would like to observe a region of high count rates in the center 
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of the figure with the same shape as in Figure 1a. This would be possible for a large integration time when the 
signal-to-noise ratio becomes large. However the calculated SXI counts maps are very noisy especially for short 
exposure times (300 s and even 600 s), and the maximum in counts can be hardly seen by simple visual inspec-
tion. Nevertheless, the maximum can be found by using relatively simple methods of image processing as shown 
below.

A general approach for finding locations of the maximum of SXI counts in a noisy picture (such as in 
Figures 1b–1d) is averaging and decreasing angular resolution until the location of maximum becomes visible. 
Our algorithm is the following. We calculate the running averages over several cells along the θ axis for each ϕ 
(exactly five 1° × 1° cells for the results in Figure 1 and later on in Figure 3) and find the location of maximum 
along this averaged θ, and finally make a second order polynomial interpolation over ϕ. The locations of maxima 
of 5-cells average and its polynomial interpolation are shown by the solid white and black lines respectively 
in Figures 1 and 3. Although the white lines in Figures 1b–1d have a zigzag shape because of the noise, the 

Figure 1.  Integrated emissivity along line of sight (a) obtained from the Space Weather Modeling framework simulations in Case 1 and Soft X-ray Imager (SXI) counts 
maps (i.e., output of the SXI_SIM) (b–d) with the exposure times of 300, 600, and 1,200 s respectively. The SXI FOV is the white rectangle in panel (a). Spacecraft 
position is (6.57, −5.94, 17.33) RE (this corresponds to a point along the Solar wind Magnetosphere Ionosphere Link Explorer orbit, see Table 1), and the aim point is 
(9.7, 0, 0) RE for all panels. Note that the color scale of SXI counts changes with the exposure time. Thick white lines mark the strongest emissivity or counts for each 
azimuth angle ϕ (with the averaging over five pixels for counts maps), black lines indicate polynomial fits to the white lines, dashed white lines indicate the maximum 
of the average counts gradient.
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polynomial interpolation is smooth and passes nearly through the expected 
location of the maximum of emissivity in the subsolar region. We can check 
this if we compare the locations of the Ix maximum in Figure 1a (θ ≃ 1° near 
the subsolar point ϕ = 0) and the polynomial fits in Figures 1b–1d. The maxi-
mum of counts rate is located at θ ≃ 0.5° on panels b and d, while it is slightly 
shifted earthward to θ ≃ −0.5° on panel c. Note that for the given distance 
between spacecraft and aim point, a difference in one degree corresponds to 
about 0.3 RE difference along the Sun-Earth line. The differences of 0.5° and 
1.5° satisfy the science requirement of SMILE SXI which is 1.5° in a 5 min 
integration time (Branduardi-Raymont et al., 2018).

We find the magnetopause standoff distance at the subsolar point and compare 
it with the location of the Ix and SXI counts maxima. Figure 2 shows profiles 
of the emissivity Px, density, and electric current density (top panel), and the 
integrated emissivity and SXI counts (middle and bottom panels) along the 
Sun-Earth line. Since both the Ix and the SXI counts depend on the angles 
θ and ϕ, we convert θ to the distance along the Sun-Earth line for ϕ = 0. 
SXI counts in the middle panel are calculated for 5 min exposure time, and 
those in the bottom panel for 10 min, therefore the number of SXI counts 
in the bottom panel is about twice that in the middle panel. The integrated 
emissivity (red lines) is the same in the middle and bottom panels. Vertical 
lines mark maxima of Px (black), j (red), and density gradient (blue) in the 
top panel, integrated emissivity (red) and SXI counts (black) in the middle 
and bottom panels. Since the SXI counts maps are rather noisy both for 5 and 
10 min exposure times, we average over the azimuthal angle ϕ in the intervals 
(−4,+4) and (−13,+13) degrees as shown by the blue and black lines in the 
middle and bottom panels.

The magnetopause position can be found using either the maximum of elec-
tric current density or the maximum of density gradient. In this particular 
case, the two locations nearly coincide: the density gradient reaches a maxi-
mum at x = 9.63 RE and the electric current density at x = 9.75 RE, that is, 
the distance between them is one grid step (see description of the numerical 
models in Paper 1). The variations of the emissivity along the Sun-Earth line 
are smooth and its maximal point is located at x = 10.25 RE, that is, about 

0.5 RE sunward. The maxima of integrated emissivity and SXI counts are located at x = 9.99 RE and x = 9.86 RE 
respectively. The position of SXI counts maximum does not depend on the exposure time in this case. Therefore, 
in this particular case, the positions of the integrated emissivity (or SXI counts) maxima are 0.2–0.4 RE sunward 
of the magnetopause position determined from the electric current and density profiles. The position of the maxi-
mum of the integrated emissivity gradient (not highlighted) is x = 8.83 RE, that is, nearly 1 RE earthward. With 
this example, we illustrate how profiles of ρ, j, and Px along the Sun-Earth line may appear. The location of the 
integrated emissivity maximum projected onto the Sun-Earth line generally does not coincide with the location 
of the subsolar magnetopause but can yield information about the magnetopause standoff distance under some 
assumptions. We discuss the methods of finding the magnetopause positions below.

2.3.  Results for Case 2

In Case 2, an ICME with extremely high solar wind density on 16–17 June 2012 interacts with the magneto-
sphere. This ICME is also characterized by intervals of a large positive IMF BZ alternating with a large positive 
and negative IMF BY. The auroral emission, ionospheric currents and convection in this event were studied by 
Carter et al. (2020).

This case demonstrates that the X-ray emissivity strongly depends on the solar wind conditions, in particular on 
the solar wind density and velocity. Figure 3 shows the Ix (panels a, c, e, and g) and SXI counts maps (panels b, 
d, f, and h) at four selected times (20:00, 22:25, and 23:10 UT on 16 June and 00:00 UT on 17 June) during the 
strong magnetospheric compression in this case. The exposure time for all of the SXI counts maps is 5 min. On 

Figure 2.  Top panel: emissivity (black), density (blue), and electric current 
density (red) along the Sun-Earth line; middle panel: integrated emissivity 
(red) in keV cm −2s −1sr −1, Soft X-ray Imager (SXI) counts per pixel averaged 
over azimuthal angles ϕ from −13 to +13° (black), SXI counts per pixel 
averaged over the central part (ϕ from −4 to +4°) (blue) for 300 s exposure 
time; bottom panel: in the same format as the middle panel for 600 s exposure 
time. Vertical lines mark maxima of Px (black), j (red), and density gradient 
(blue) in the top panel, integrated emissivity (red) and SXI counts (black) in 
the middle and bottom panels.
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Figure 3.  Integrated emissivity (a, c, e, and g) and Soft X-ray Imager counts maps (b, d, f, and h) with the exposure time 
of 5 min obtained from the Space Weather Modeling Framework simulations in Case 2. Spacecraft position is (6.57, −5.94, 
17.33) RE, and the aim point is at the subsolar magnetopause (i.e., different in each case). The solar wind densities are 14.9 
(19:50 UT), 74.6 (22:15 UT), 14.7 (23:00 UT), and 39.1 (23:50 UT) cm −3 taking into account a 10-min time lag between the 
upstream boundary and subsolar magnetopause.
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all panels, we can distinguish two separate regions of high Ix, the magnetosheath and cusps. The magnetosheath is 
a bow-shaped region passing through the center of the FOV with a perceptible maximum of Ix, and the cusps are 
bright spots of Ix on the left side of the images, out of the SXI FOV indicated by a white rectangle. At t = 22:25 
UT, the magnetospheric compression is strongest since the solar wind density reaches the maximum at that time. 
We obtain the maximal values of Ix ≃ 500 keV cm −2 s −1 sr −1 and of about 600 SXI counts per 1°–1° pixel in the 
subsolar magnetosheath. The emissivity non-linearly increases with the solar wind density because the higher 
the solar wind density, the more compressed is the magnetosphere and, respectively, the neutral density grows up 
according to the expression (1).

The SWMF model predicts the minimal standoff distance of 5.8 RE at 22:25 UT, that is, well inside geosynchro-
nous orbit. For such a strong compression, the maximum of SXI counts significantly overcomes the noise level 
and is easily visible on the image. On the contrary, the emissivity is weakest at 20:00 and 23:10 UT when the 
solar wind density is smallest during this event (14.9 and 14.7 cm −3 respectively). At both times, the Ix maximum 
in the magnetosheath is about 40 keV cm −2 s −1 sr −1 and SXI counts maximum is about 60–80 counts per 1°–1° 
pixel. The X-ray images at 20:00 and 23:10 UT look different because of the different emissivity in the cusps that 
determines the color scale. This distinction may result from different IMF magnitude and directions (see Table 1 
and Figure 1 in Paper 1).

Using the polynomial fit (black lines) for SXI counts maps, we can reasonably well reproduce the shape of the 
maximal SXI counts (white zigzag lines) at 20:00 and 22:25 UT, and less successfully at 23:10 and 00:00 UT. 
However, we find the location of the maximum at the subsolar point with an accuracy better than 1° (i.e., higher 
than the resolution of the SXI counts maps) in all cases (compare the locations of black lines at ϕ = 0 on panels 
a and b, c and d, e and f, g, and h, respectively).

2.4.  Changes of X-ray Images While Moving Along the Spacecraft Orbit

Next, using Case 1 again, we illustrate how the Ix images change while a spacecraft moves along the orbit and 
observes the same spatial distribution of emissivity from different points of view. Figure 4 shows the Ix images 
and Figure 5 shows the spacecraft trajectory in the xz GSM plane where the spacecraft positions used for Figure 4 
are highlighted by blue stars (the numerical sequence in Figure  4 corresponds to the clockwise direction in 
Figure 5). The locations match the SMILE trajectory on 9–10 April 2025. Note that the SMILE trajectory is 
elliptical in GSE coordinates, but becomes non-elliptical after conversion to GSM coordinates. The spacecraft 
moves from the nightside magnetosphere through the dayside magnetosheath and supersonic solar wind and 
reaches apogee near (x, z) = (8.3, 16.3) RE (at 22:00 UT as indicated by a blue circle before the fourth star in 

Figure 4.  Integrated emissivity for eight points along the Solar wind Magnetosphere Ionosphere Link Explorer orbit calculated for the same MHD solution and aim 
point.
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Figure 5). When the z coordinate of the spacecraft decreases, the spacecraft 
moves toward the aim point at (9.7, 0, 0) RE and crosses the magnetopause 
not far from the equatorial plane. Table 1 displays the eight spacecraft posi-
tions marked by blue stars in Figure 5. Note that we fix the aim point here 
but in reality the aim point for SMILE changes while the spacecraft moves 
along the orbit. If the direction to the aim point significantly differs from the 
tangent direction, the maximum of Ix and SXI counts will be near the edges 
of the FOV or even out of the FOV.

We conclude that the first and last spacecraft positions marked by stars are 
not suitable for SXI observations of the subsolar magnetopause because 
Ix maximum moves significantly away from the SXI FOV. According to 
Figure 5, the first point (06:00 UT 9 April) is in the magnetosheath but close 
to the magnetopause, near the terminator plane. Red dotted lines in Figure 5 
connect the spacecraft position with the aim point near the subsolar magnet-
opause. Using the magnetopause position from the MHD simulation (shown 
by black line), we expect that most of the way between the spacecraft and aim 
point is located inside the magnetosphere. Since the emissivity in the magne-
tosphere is set equal to zero, Ix is low at the aim point and increases in the 
sunward direction. Even if the Ix maximum would nearly match the tangent 
direction as expected, the tangent point at the magnetopause is far away from 
the subsolar point making it difficult to find the standoff distance using the 
given aim point and FOV.

The last point (20:00 UT 10 April) is completely unacceptable for finding 
the magnetopause position because it is located inside the magnetosphere. 
Moreover, the radial distance to the Earth at this point is less than 50,000 km 
therefore the SMILE SXI would be turned off at this point. But 2 hr before, 
at 18:00 UT, the region of large Ix is located within the FOV as well as at 
other times between 12:00 UT 9 April and 18:00 UT 10 April in Figure 4, so 

the location of the Ix maximum can be found. In the next section, we discuss how we can use this information for 
finding the magnetopause position.

3.  Finding the Magnetopause Position in 2-D X-ray Images
3.1.  2-D Images of Magnetopause Surface and Emissivity Maximum

Previous studies (e.g., Collier & Connor, 2018; Sun et al., 2020) hypothesized that the maximum of the integrated 
emissivity is located along a tangent to the magnetopause. We will test this hypothesis by several methods. One 
way to do this is to highlight all magnetospheric points in the angular coordinates (θ, ϕ) (for the given spacecraft 
location) and complement this image with a line that indicates the position of the maximum integrated emissivity 
(obtained by SXI_SIM). We use the polynomial fits for the corresponding Ix images (such as in Figure 1a).

Figure 6 shows the results of this method in Case 1. The grid points are interpolated to the equidistant grid with 
the grid step of 0.25 RE. We apply the magnetospheric masking using the thresholds conditions for the thermal 
pressure and velocity (Section 4.2 in Paper 1). All grid points which we determined as located in the magne-
tosphere are marked by small blue crosses. The outer boundary of the blue region indicates the magnetopause 
position. We also highlight the locations of Ix maximum (red) and of Ix maximum gradient (yellow) to see 
which of the two locations better matches the magnetopause position. Panels (1–4) correspond to the spacecraft 
positions at 12:00 and 18:00 UT on 9 April 2025 and at 00:00 and 06:00 UT on 10 April 2025 (i.e., stars 2–5 in 
Figure 5). We find that the position of Ix maximum gradient nearly coincides with the magnetopause for the four 
spacecraft positions, and the Ix maximum is located about 2° sunward. We checked these results by applying the 
second magnetospheric masking using flowlines (Section 4.3 in Paper 1) and obtained visually the same results 
(not shown).

For verification of the SWMF simulations with the different magnetospheric masks, we use the LFM model 
which provides significant density decrease in the magnetosphere therefore the position of magnetospheric 

Figure 5.  Spacecraft positions along the orbit are shown by blue circles 
and stars with sampling every 2 hr. The stars indicate the positions used for 
Figure 4. Black line marks the magnetopause defined as the open-closed field 
line boundary in y = 0 plane. The dotted red lines show the lines of sight to 
the aim point from the 3rd and 21st positions along the orbit (entries 1 and 7 
in Table 1).
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boundary may be found with higher accuracy. We can draw SXI images without any magnetospheric mask for 
this model, however we should somehow highlight magnetospheric points for the plot. Therefore we define that 
the grid points in the LFM simulation are located in the magnetosphere if the density is less than 0.7 NSW where 
NSW is the density in the supersonic solar wind. We have checked the density thresholds at 0.5 NSW and 0.9 NSW 
and obtained nearly the same results. Figure 7 shows the nodes of the magnetospheric grid, the locations of the 
Ix maximum and of the Ix gradient maximum in the same format as in Figure 6 but for the LFM model. Again, 
the magnetopause location nearly coincides with the Ix gradient maximum consistent with the results of the 
SWMF  model in Figure 6.

Alternatively, we can verify the obtained results using an analytical expression for the magnetopause. Jorgensen, 
Sun, Wang, Dai, Sembay, Wei, et al., (2019), Sun et al. (2020) modified the analytical function suggested by Shue 
et al. (1998) to describe a non-axisymmetric magnetopause. The magnetopause radial distance depends on the 
two angles μ and ν.

Figure 6.  The magnetospheric points interpolated to the equidistant grid with the mask calculated by the threshold method 
(blue) and the locations of the maximum of Ix (red) and the maximum of Ix gradient (yellow) observed from the four 
spacecraft positions along the Solar wind Magnetosphere Ionosphere Link Explorer trajectory (panels 1–4 correspond to the 
positions at 12:00 and 18:00 UT on 9 April and at 00:00 and 06:00 UT on 10 April, see Table 1).

Figure 7.  The grid points in the magnetosphere (blue), the locations of the maximum of Ix (red) and the maximum of Ix 
gradient (yellow) for the same spacecraft positions as in Figure 6 but for the Lyon-Fedder-Mobarry model.

 21699402, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030850 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [16/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

SAMSONOV ET AL.

10.1029/2022JA030850

10 of 16

𝑟𝑟(𝜇𝜇𝜇 𝜇𝜇) =
𝑟𝑟𝑦𝑦(𝜇𝜇)𝑟𝑟𝑧𝑧(𝜇𝜇)

√

[

𝑟𝑟𝑦𝑦(𝜇𝜇)sin 𝜈𝜈
]2
+ [𝑟𝑟𝑧𝑧(𝜇𝜇)cos 𝜈𝜈]

2

,� (2)

𝑟𝑟𝑦𝑦(𝜇𝜇) = 𝑟𝑟0

(

2

1 + cos𝜇𝜇

)𝛼𝛼𝑦𝑦

,� (3)

𝑟𝑟𝑧𝑧(𝜇𝜇) = 𝑟𝑟0

(

2

1 + cos𝜇𝜇

)𝛼𝛼𝑧𝑧

.� (4)

Here, μ is the angle between the 𝐴𝐴 𝐴𝐴𝐴 (from the centre of the Earth) and x axis, 
and ν is the angle between the y axis and projection of 𝐴𝐴 𝐴𝐴𝐴 onto the yz plane. The 
three coefficients r0, αy, and αz define the subsolar standoff distance, and the 
magnetopause flaring angles on the xy and xz planes respectively. In Figure 8, 
we show the magnetopause positions obtained by several methods in Case 1, 
that is, the locations of the open-closed field line boundary (OCB), the maxi-
mum electric current density, the maximum density gradient, and, finally, the 
position calculated by expressions (2–4). In the last case, we find the coeffi-
cients r0, αy, and αz by making a best fit interpolation for the position of the 
maximum density gradient. Using these methods, we obtain slightly different 

values of the standoff distance and the magnetopause flaring, however, the modified Shue et al.’s model shows 
good agreement with the boundary determined by the maximum density gradient in the xy and xz planes. This 
boundary is located between the OCB and the maximum electric current density, and the difference between the 
three boundaries near the subsolar point is less than 0.2 RE. This shows that the modified Shue et al.’s model can 
be used to approximate the magnetopause in the subsolar region in Case 1 with stationary solar wind conditions 
and without dipole tilt. We should mention, however, that the dipole tilt in real events changes the magnetopause 
shape and Equation 2 may become inapplicable for a tilted magnetosphere.

Below we use again the SWMF simulation in Case 1, define the magnetopause surface by Equations 2–4 as 
explained above, set the emissivity in the magnetosphere equal to zero, and apply the SXI_SIM code. We show 
the magnetopause surface and the locations of the Ix maximum and of the Ix gradient maximum in Figure 9. This 
approach is self-consistent and slightly more accurate because we display the exact position of the magnetopause 
rather than highlight magnetospheric grid points. The results show that the magnetopause near the subsolar point 
is located between the Ix maximum and the Ix gradient maximum, but, at least for the first spacecraft positions, 
closer to the Ix gradient maximum. Since we highlight only the grid nodes in the magnetosphere in Figures 6 
and 7 and now we draw the modeled magnetopause, the small difference between these results might be related 
to the grid resolution.

Figure 8.  The magnetopause positions in xy (left) and xz (right) planes 
obtained by the locations of the open-closed field line boundary (black), of 
the maximum of electric current density (red), of the maximum of density 
gradient (blue), and that calculated by Equations 2–4 (green).

Figure 9.  The grids on the magnetopause surface calculated by Equations 2–4 (blue), and the locations of the maximum of 
Ix (red) and the maximum of Ix gradient (yellow) for the same spacecraft positions as in Figure 6. Light and dark blue crosses 
indicate the points above and below the equatorial plane respectively.
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3.2.  Emissivity Along Line-Of-Sight

We check relations between the magnetopause location and the position of Ix maximum using another approach. 
We use again the SWMF model and a magnetospheric mask constructed from the modified Shue et al.’s model. In 
Figures 10a, 10c, 10e, and 10g, we show the emissivity Px along seven LOSs (shown by different colors on each 
panel) for the four spacecraft positions (the same as above, the times correspond to those in Table 1). The lines go 
from the spacecraft position (R = 0) through the points distributed along the Sun-Earth line and separated by 0.2 
RE (we also used the distance of 0.1 RE for panels c and d and found that the difference is small [not shown]). The 
emissivity is low in the solar wind (the spacecraft position near apogee is located in the solar wind), it grows up 
at the bow shock and through the magnetosheath, then if the line crosses the magnetopause the emissivity drops 
down to zero and grows up again on the outward magnetopause crossing. If the line does not cross the magneto-
pause, no drop in the middle occurs. Figures 10b, 10d, 10f, and 10h displays the integrated emissivity Ix for the 
same LOSs. On these panels, the horizontal axis is the x coordinate of the aim points at the Sun-Earth line. For 
finding the emissivity at each point along the LOS, we use linear interpolation between the nearest grid points. 
However, if the nearest grid point is located in the magnetosphere (where Px = 0), the emissivity at this point 
along the LOS is also set to equal zero. Considering the magnetopause as a discontinuity, the magnetopause is 
located exactly at the points where Px drops to zero.

On all panels, the green line is the outermost LOS that crosses the magnetopause because the lines more distant 
from the Earth do not drop to zero. We indicate the supposed magnetopause position in panels b, d, f, and h with 
red arrows. The distance along the Sun-Earth line between the expected magnetopause and the maximum of Ix is 
about 0.4 RE (smallest in panel f and largest in panel d). If we recalculate this in terms of angles, this corresponds 

Figure 10.  Variations of Px along seven line-of-sight (LOSs) (with different aim points) for the four spacecraft positions at 12:00 and 18:00 UT (9 April), and 00:00 
and 06:00 UT (10 April) (panels a, c, e, and g). Integrated emissivity for the same LOSs as a function of x coordinates of the aim points (i.e., intersections of the LOSs 
with the Sun-Earth line) (panels b, d, f, and h). Red vertical arrows indicate the supposed magnetopause position where Px drops down to zero and the distance between 
the magnetopause and Ix maximum is marked by the thick horizontal arrows.
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to 1.2–1.5° difference. Considering the slope of Ix (in panels b, d, f, h), we could conclude that the tangent LOSs 
roughly correspond to the maximum Ix gradient in agreement with the previous results in this section. Overall, 
this method is not very accurate since we determine the magnetopause position with a step along the Sun-Earth 
line of 0.2 RE.

Figure 11 shows similar results for the LFM model. The dark blue lines in panels a and e, and the light blue 
lines in panels c and g are the outermost LOSs that cross the magnetopause. The Ix maximum is located near the 
orange cross in panel b and near the yellow cross in panels d, f, and h. The difference between the magnetopause 
position and Ix maximum varies between 0.4 and 0.8 RE, that is, often larger than that in Figure 10. And again 
the  magnetopause is located near the maximum Ix gradient.

3.3.  Profiles Along the Sun-Earth Line

If the differences between the spacecraft x and y coordinates and the corresponding coordinates of the subsolar 
(and aim) point are much smaller than the spacecraft z, the tangent line touches the magnetopause near the subso-
lar point. In this particular case, we can compare the emissivity profiles along the Sun-Earth line with the Ix after 
conversion of the angles θ to the distances along x. Figure 12 compares the Px and Ix profiles calculated for the 
spacecraft position at 06:00 UT on 10 April (10.6, −3.2, 14.7 RE).

The emissivity drops to zero at x = 9.4 RE which indicates the magnetopause location, and the Ix maximum is 
located at x = 9.7 RE. Considering the magnetopause as a thin boundary, this boundary is located roughly in 
the middle between the Ix maximum and the Ix gradient maximum (at about 9.2 RE). However, we note that the 

Figure 11.  Variations of Px along line-of-sights (a, c, e, g) and integrated emissivity (b, d, f, h) in the same format as in Figure 10 but for the Lyon-Fedder-Mobarry 
model.
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magnetopause in MHD simulations is a layer with a typical thickness equal to several grid spacings. In Figure 12, 
the decrease in Px toward the magnetopause begins at x = 10.2 RE. This does not mean that the outer boundary of 
the magnetopause is there. This is a northward IMF case therefore the plasma depletion layer (PDL) (e.g., Zwan 
& Wolf, 1976, see more references in Discussion) also occurs upstream of the magnetopause. However, we can 
reasonably suggest that the outer boundary of the thick magnetopause layer (obtained in the simulations) may 
nearly coincide with the maximum of Ix. We draw a similar plot for the spacecraft position at 00:00 UT and obtain 
nearly the same results.

3.4.  2-D Images of Magnetopause Surface in Case 2

We use the same methods to verify the tangent direction assumption in Case 2 at 20:00 UT on 16 June 2012. The 
spacecraft position matches that at 20:00 UT on 9 April 2025 in Table 1. In Figure 13, we show the magneto-
spheric points, the maximum emissivity, and the maximum emissivity gradient in the same format as in Figures 6 
and 7. Panel a and b display the results of the SWMF and LFM models respectively.

The results in Case 2 closely match the results in Case 1 for both numerical models (see Figures 6 and 7). The 
outer boundary of the magnetospheric region, that is, the magnetopause, nearly coincides with the position of the 
Ix gradient maximum in the subsolar region for both models. However, contrary to Case 1, the positions of the 

maximum Ix and maximum grad(Ix) are asymmetric, in such a way that the 
magnetopause slightly shifts toward the Ix maximum on the dusk flank. The 
reason for the asymmetry is probably related to a strong dipole tilt in Case 2.

4.  Discussion and Conclusions
The two companion papers (Paper 1 and 2) present a new method of finding 
the magnetopause standoff distance using simulated soft X-ray images. In 
Paper 1, we present the MHD simulations and discuss the methods of magne-
tospheric masking for outlining the magnetospheric region in the simulations. 
These MHD results provide the necessary input conditions for the simula-
tions in this paper. Here, we introduce the numerical code SXI_SIM which 
simulates the output of the SXI on board the forthcoming SMILE mission. 
We display a set of images in the two cases, artificial and real, and for the 
two MHD models, SWMF and LFM. Using SXI_SIM, we obtain the inte-
grated emissivity for the given spacecraft position and the FOV, and the SXI 
counts maps which take into account the instrument response and include 
background noise. We discuss how we can find the location of the maximum 
of the Ix and SXI counts from these images by making a polynomial fit. 
Although the SXI counts maps look very noisy, the position of the maximum 

Figure 12.  Profiles Px (black) and Ix (red) along the Sun-Earth line. For the Ix profile, we convert angle θ to distance along x 
for the spacecraft position at 06:00 UT on 10 April. Vertical lines indicate the drop of Px to zero (black) and the Ix maximum 
(red).

Figure 13.  The magnetospheric points (blue), the maximum emissivity (red), 
and the maximum emissivity gradient (yellow) in the Space Weather Modeling 
Framework model (a) and in the Lyon-Fedder-Mobarry model (b) in Case 2.
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counts can be accurately found in all studied cases. Alternatively, we can average the SXI counts over azimuthal 
angle ϕ and also obtain a well-defined maximum of counts too. We display how the SXI images change when 
SMILE moves along its elliptical orbit.

In Section 3, we verify the assumption that the maximum of the integrated emissivity is located along a tangent 
to the magnetopause using several methods. In the first method, we draw images that display the locations of all 
simulation grid points in the magnetosphere superimposed by the locations of the maximum integrated emis-
sivity, and the maximum gradient of integrated emissivity. The outer boundary of the magnetospheric domain 
is by definition the magnetopause. We find that the magnetopause is located near the maximum Ix gradient in 
the subsolar region for both models independent of the spacecraft position (see Figures 6 and 7). However, if we 
apply a slightly different approach and draw the magnetopause surface using the modified Shue et al.’s model 
expressed by Equations 2–4, we obtain that the magnetopause is located between the maximum Ix gradient and 
maximum Ix (Figure 9). The difference is relatively small and might be explained by numerical grid resolution.

In the second method, we draw the emissivity profiles along several lines of sight passing near the subsolar point. 
The emissivity drops to zero if the line crosses the magnetopause, therefore, we can find which of the lines is 
the outermost that crosses the magnetopause. This line is nearly tangent to the magnetopause. Then we calculate 
the integrated emissivity along the same LOSs and find their maximum location. In this method, the maximum 
Ix gradient better represents the magnetopause, but we realize that the accuracy of this approach is limited again 
by spatial resolution. In the third method, we compare the profile of emissivity along the Sun-Earth line with the 
profile of integrated emissivity calculated also in terms of the distance along the Sun-Earth line while the space-
craft is located nearly vertically above the subsolar point (i.e., the differences in x and y coordinates between the 
spacecraft and subsolar point are smaller than in z). Here, we obtain that the magnetopause is located between 
the  maximum Ix gradient and the maximum Ix. The distance between the magnetopause (Px = 0) and the Ix 
maximum is 0.3 RE in the considered case.

We briefly summarize the above paragraphs as follows. We find that the magnetopause is located near the Ix 
gradient maximum in the method with highlighted magnetospheric points (Figures  6, 7, and  13) and in the 
method with Px profiles along LOSs (Figures 10 and 11). The magnetopause is located between the Ix gradient 
maximum and the Ix maximum in the method with interpolated magnetopause (by Shue et al.’s model) (Figure 9) 
and in the method with profiles along the Sun-Earth line (Figure 12). The differences in the results of the meth-
ods, however, are relatively small (0.2–0.3 RE along the Sun-Earth line) and might be explained by the uncertainty 
of the magnetopause positioning on a spatial scale of the grid step.

The position of the maximum Ix depends also on the density and velocity distribution in the magnetosheath. 
In particular, the PDL occurs in the magnetosheath close to the magnetopause. The PDL was predicted numer-
ically by (Lees,  1964) and (Zwan & Wolf,  1976), observed by (Crooker et  al.,  1979), and its appearance 
depending on the solar wind conditions was studied by (e.g., Farrugia et al., 1997; Pudovkin et al., 1982, 1995; 
Samsonov, 2006; Samsonov & Hubert, 2004; Siscoe et al., 2002; Slivka et al., 2015; Y. L. Wang et al., 2003; 
Y. Wang et al., 2004). The magnetosheath velocity also depends on the solar wind conditions but it is probably 
less variable than the density. Respectively, the maximum density in the magnetosheath is often separated from 
the magnetopause by the PDL, and the PDL width depends on the solar wind conditions. Consequently, the 
distribution of the X-ray emissivity in the magnetosheath may significantly change (e.g., see Px profiles along 
the Sun-Earth line at different times in Figure 12 of Paper 1). We think that it may be difficult to find a universal 
solution that defines the location of the tangent to magnetopause with respect to the observed maximum Ix and 
maximum grad(Ix).

UT, Date 06:00 9 April 12:00 9 April 18:00 9 April 00:00 10 April

Position, RE −0.0, −3.7, 13.5 3.5, −2.3, 17.1 6.6, −5.9, 17.3 9.0, −7.3, 15.9

UT, Date 06:00 10 April 12:00 10 April 18:00 10 April 20:00 10 April

Position, RE 10.6, −3.2, 14.7 10.9, −0.9, 10.8 8.9, −1.0, 4.3 7.0, −0.2, 1.6

Table 1 
Solar Wind Magnetosphere Ionosphere Link Explorer Positions in GSM Coordinates in 2025, the Same Positions Used for 
Simulations of Ix Images in Figure 4 and Marked by Stars in Figure 5
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Both cases in this paper are characterized by a strong northward IMF and moderate or strong solar wind density. 
Summarizing our results, we conclude that the tangent to the magnetopause is generally located between the 
maximum Ix gradient and the maximum Ix, but probably closer to the maximum Ix gradient. By considering more 
events with different solar wind conditions and using better spatial resolution in simulations in future studies, 
we will get more accurate estimates of the standoff distance and develop more comprehensive methods of the 
magnetopause finding.

Data Availability Statement
This work was carried out using the SWMF/BATSRUS tools developed at The University of Michigan 
Center for Space Environment Modeling and the LFM–MIX model available through the NASA Commu-
nity Coordinated Modeling Center (http://ccmc.gsfc.nasa.gov). In particular, we used results of the runs 
Andrei_Samsonov_080818_2, Andrei_Samsonov_083118_1, Andrei_Samsonov_021819_1, Andrey_
Samsonov_070519_1, and Andrey_Samsonov_073119_1.
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