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Abstract26

We present new measurements of the vertical density profile of the Earth’s atmosphere27

at altitudes between 70 and 220 km, based on Earth occultations of the Crab nebula ob-28

served with the X-ray Imaging Spectrometer onboard Suzaku and the Hard X-ray Im-29

ager onboard Hitomi. X-ray spectral variation due to the atmospheric absorption is used30

to derive tangential column densities of the absorbing species, i.e., N and O including31

atoms and molecules, along the line of sight. The tangential column densities are then32

inverted to obtain the atmospheric number density. The data from 221 occultation scans33

at low latitudes in both hemispheres from September 15, 2005 to March 26, 2016 are an-34

alyzed to generate a single, highly-averaged (in both space and time) vertical density pro-35

file. The density profile is in good agreement with the NRLMSISE-00 model, except for36

the altitude range of 80–110 km, where the measured density is ∼30% smaller than the37

model. Such a deviation is consistent with the recent measurement with the SABER aboard38

the TIMED satellite (Cheng et al., 2020). Given that the NRLMSISE-00 model was con-39

structed some time ago, the density decline could be due to the radiative cooling/contracting40

of the upper atmosphere as a result of greenhouse warming in the troposphere. However,41

we cannot rule out a possibility that the NRL model is simply imperfect in this region.42

We also present future prospects for the upcoming Japan-US X-ray astronomy satellite,43

XRISM, which will allow us to measure atmospheric composition with unprecedented44

spectral resolution of ∆E ∼ 5 eV in 0.3–12 keV.45

1 Introduction46

The neutral density in the lower thermosphere, defined as an altitude range of 70–47

220 km in this paper, is essential to estimate the global meteoric mass input and to de-48

rive the momentum flux from tropospheric gravity waves. Also, the lower thermosphere49

is thought to be sensitive to the climate change due to greenhouse gases; global cooling50

would occur in the upper atmosphere in conjunction with global warming in the tropo-51

sphere due to long-term increase of greenhouse gas concentrations, which was first pointed52

out by Roble and Dickinson (1989). The cooling should cause the atmosphere to con-53

tract, leading to a density decrease at a fixed altitude.54

However, measurements of neutral densities in the lower thermosphere are still scarce.55

Neutral densities are largely measured by means of in-situ instruments onboard sound-56

ing rockets (80–100 km) and satellites (∼400 km), and thus the 100–300 km altitude is57

left as the “thermospheric gap” (Oberheide et al., 2011). Although there are some early58

density measurements based on occultations of the Sun in ultraviolet wavelengths (e.g.,59

Norton & Warnock, 1968; Hays et al., 1972; Ackerman et al., 1974; Meier et al., 1992;60

Aikin et al., 1993), these studies mainly focused on molecular oxygen which is a minor61

species in the lower thermosphere, leaving large uncertainties on the total mass density.62

So far, there are very limited remote-sensing measurements to fill this gap (e.g., Meier63

et al., 2015).64

Atmospheric occultations of X-ray astronomical sources offer a unique opportunity65

to measure the neutral density in the lower thermosphere. This technique was first demon-66

strated/published by Determan et al. (2007) who analyzed data during atmospheric oc-67

cultations of the Crab nebula and Cygnus X-2 using ARGOS/USA and RXTE/PCA.68

We note that there is an interesting earlier X-ray measurement of the atmospheric thick-69

ness of Titan (i.e., the Saturn’s largest satellite), when it transited the Crab nebula on70

2003-01-05 (Mori et al., 2004). The advantage of the X-ray occultation method is that71

it is independent of the chemical, ionization, and excitation processes, because X-rays72

are directly absorbed by inner K-shell and L-shell electrons, so that X-rays see only atoms73

(within molecules). In other words, the X-ray occultation method cannot distinguish be-74

tween atoms and molecules, but allows us to measure the total neutral density without75

the complexity involved with modeling absorption processes.76
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By analyzing occultations of the Crab nebula taken in November 2005, Determan77

et al. (2007) reported that 50% and 15% smaller densities at altitudes 100–120 km and78

70–90 km, respectively, than the empirical density model, i.e., the Naval-Research-Laboratory’s-79

Mass-Spectrometer-Incoherent-Scatter-Radar-Extended model (NRLMSISE-00: Picone80

et al., 2002). As discussed in Wood and Ray (2017), this deviation is qualitatively con-81

sistent with the density decrease due to greenhouse cooling in the upper atmosphere, given82

that a few decades have past after the NRL model was constructed. However, it is im-83

portant to cross-check from other observations, and to distinguish between greenhouse84

gases and solar effects by monitoring over times longer than the solar cycle. Therefore,85

more observations are required to firmly conclude (or exclude) this interpretation.86

Here, we present a new density measurement in the lower thermosphere region, based87

on occultations of the Crab nebula observed with the Japanese X-ray astronomy satel-88

lites Suzaku (Mitsuda et al., 2007) and Hitomi (Takahashi et al., 2018). The combina-89

tion of the X-ray Imaging Spectrometer (XIS, sensitive in 0.5–12 keV: Koyama et al. (2007))90

and the Hard X-ray Imager (HXI, sensitive in 5–80 keV: Nakazawa et al. (2018)) aboard91

Suzaku and Hitomi, respectively, allows us to investigate the density structure in a range92

of altitude between 70 km and 220 km. The paper is organized as follows. Section 2 de-93

scribes occultation data of the Crab nebula acquired with Suzaku and Hitomi. Section 394

describes analysis of the data, and shows the retrieved vertical density distribution. Sec-95

tion 4 discusses the results, and provides future prospects. Section 5 gives conclusions96

of this paper.97

2 Observations98

We analyze data during Earth occultations of the Crab nebula, obtained with the99

X-ray astronomy satellites Suzaku and Hitomi. The Crab nebula and the Crab pulsar100

were created in a supernova explosion observed in 1054 AD. Various X-ray satellites have101

used the Crab as a standard candle to perform their calibrations in the past, because102

it is one of the brightest sources in the X-ray sky, and its intensity is nearly constant and103

the spectral shape is a simple, featureless power-law.104

Both Suzaku and Hitomi carried multiple instruments with different capabilities.105

Of these, we focus on Suzaku/XIS and Hitomi/HXI, because they are complementary106

in terms of the energy coverage; the XIS and HXI cover 0.2–12 keV and HXI in 5–80 keV,107

respectively, and also they have time and spatial resolutions sufficient for our purpose.108

As illustrated in the upper panel of Figure 1, X-ray sources appear to set and rise109

behind the Earth every orbit. This is because the two X-ray astronomy satellites are in110

low Earth orbits, i.e., ∼560 km (Suzaku) and ∼575 km (Hitomi), and also the attitude111

of the satellites is 3D fixed during each observation. The lower panel of Figure 1 demon-112

strates how the X-ray spectrum changes during an atmospheric occultation of the Crab113

nebula, where the spectra are the sums of all the data listed in Table 1. The data in ELV114

10◦–15◦ are free from the atmospheric attenuation, where ELV is defined as the telescope’s,115

i.e., Crab’s elevation angle measured from the Earth limb (see also Figure 1). As the oc-116

cultation progresses (decreasing ELV or tangential height), the X-ray intensity gradu-117

ally decreases from the low-energy band.118

In principle, all X-ray sources can be our targets, but in practice, the targets are119

very limited for the following reasons. First, the targets must be very bright, given that120

typical occultations take only ∼30 s, which needs to be further divided into shorter time121

bins to obtain a vertical density distribution. Second, the target’s spectrum and inten-122

sity should be constant during the occultation to avoid confusion between intrinsic source123

variations and atmospheric absorption. Third, the targets are preferably point sources124

for simplicity of the analysis.125
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The source brightness also has an important impact on the time resolution of Suzaku/XIS.126

The large angular velocity of the telescope, 0.06◦ s−1, for both satellites, as well as the127

short transition period from unattenuation to full attenuation, ∼30 s, require time res-128

olution of the order of second or less to resolve vertical atmospheric density structures.129

The time resolution of the XIS in a normal mode is 8 s. This corresponds to ∼0.5◦ (∼0.06◦ s−1
×8 s)130

or ∼20 km at the altitude of 100 km, and is too coarse for our diagnostic purposes. There-131

fore, we decided to focus on data taken in a special mode, i.e., 0.1-s burst mode, in which132

the exposure time is limited to 0.1 s for each 8-s sampling. This mode was prepared to133

avoid pile-up effects occurring for super-bright sources (Yamada et al., 2012, for more134

details). As for Hitomi/HXI, the time resolution does not matter, because the time-tagging135

system for the HXI is event-by-event with excellent resolution of 25.6µs.136

The Crab nebula is an unrivaled source to meet all the criteria above. Also, it was137

usually observed with the XIS in the 0.1-s burst mode, and thus is an ideal source for138

the measurement of the atmospheric density profile. In addition, there are numerous Suzaku139

data for the Crab nebula, because it was one of important calibration sources for Suzaku,140

as is usual for X-ray astronomy satellites. This is another advantage with the Crab neb-141

ula. Although the Crab nebula is not a point source, its angular size of R ∼1′ is smaller142

than the half-power diameter (HPD) of the X-ray telescopes on Suzaku (HPD∼2′: Ser-143

lemitsos et al., 2007) and Hitomi (HPD∼1.7′: Matsumoto et al., 2018). Therefore, it can144

be considered nearly a point source for both satellites.145

Table 1 summarizes basic information about all occultations of the Crab nebula146

analyzed in this paper. The third column describes the time for each occultation, from147

ELV = 5◦ (0◦) to ELV = 0◦ (5◦) for each setting (rising). The fourth column indicates148

the Earth’s latitude and longitude at the tangent point, defined as the altitude of the149

closest approach to the Earth surface along the telescope line of sight. We note that most150

observations are taken in the latitude from −20◦ to +40◦. This is because the inclina-151

tion angles of both satellites are 31◦, and the telescope is 22◦ inclined to the north, to-152

ward the Crab nebula. Also, ∆ELV1 in the fifth column is an ELV angle required to cor-153

rect for the ELV offset caused in the process of ELV calculation. The Earth radius was154

assumed to be the equatorial radius of 6378.137 km in the ELV calculation. But in re-155

ality, the Earth radius decreases with increasing latitudes (e.g., Equation 6 in Aikin et156

al., 1982). Therefore, ELV values are underestimated at higher latitudes by an amount157

of ∆ELV1, which is the offset to be added to derive true ELV values. ∆ELV2 in the sixth158

column will be described in the next section.159

Suzaku observed the Crab nebula almost every spring and autumn for ten years.160

Many of these observations captured Crab at off-axis positions for calibration purposes.161

For simplicity of our analysis, we selected observations aiming at the Crab nebula at on-162

axis positions. However, we allow tolerance of ∼3′ offset in Decl. (north-south) direction.163

This is because the Crab nebula sets and rises roughly from the east-west (i.e., R.A.) di-164

rection, and thus the north-south offset does not affect setting and rising times by much.165

We also discarded short-exposure (duration less than 10 ks) observations for Suzaku to166

improve the efficiency of our analysis.167

3 Analysis and Results168

When X-ray sources set into (or rise from) the Earth’s atmosphere, we see rounded,169

not sharp-edged, intensity profiles. The upper panel of Figure 2 demonstrates such oc-170

cultation light curves as a function of ELV, where the data are taken from Obs.ID 106014010,171

i.e., occultation # from 106 to 134 in Table 1. The gradual increase/decrease of the X-172

ray intensity against ELV clearly shows the effect of atmospheric absorption. We note173

that this profile is corrected for ∆ELV1, as mentioned in the previous section.174
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Obviously, the two (set and rise) groups are shifted with each other along the ELV175

axis. If we attributed the ELV shift of 0.45◦ to the difference of the atmospheric den-176

sities, then the density difference between the set and rise would be more than an or-177

der of magnitude. Although the setting and rising are taking place in spring in the north-178

ern hemisphere and autumn in the southern hemisphere, respectively (see Table 1), sea-179

sonal variations are expected to be much smaller in the NRLMSISE-00 model, which is180

supported by recent observations (Cheng et al., 2020). There are no other natural ex-181

planations for such a large density variation. Therefore, we suspect that the ELV shift182

is caused by systematic uncertainties on ELV and/or its time assignments. It should be183

noted that the ELV shift for Hitomi/HXI is basically smaller than that for Suzaku/XIS.184

Therefore, the following correction method is particularly important for Suzaku, although185

we also applied it for Hitomi to take account possible systematic uncertainties.186

Assuming that the set and rise profiles are ideally identical, we artificially shift the187

ELV values, such that the set and rise profiles converge with each other. Among some188

possibilities to shift ELV, one fair method would be to shift ELV values for set and rise189

by an equal amount in the opposite direction. A strength of this correction method is190

that such an opposite ELV shift can be naturally achieved by shifting the time for ELV,191

as demonstrated in Figure 2. As for the example case in Figure 2, the amount of ELV192

shift (∆ELV2) is ±0.226◦. This can be obtained by shifting the ELV time by 3.6 s. This193

time shift could be due to either the time-assignment error or the uncertainty of the satel-194

lite position, or both of them. A time shift of 1 s is equivalent to a position shift of 7.5 km195

for a satellite’s orbital velocity of 7.5 km s−1 as expected for both Suzaku and Hitomi.196

Thus, the time shift of 3.6 s could be due to a misplacement of the satellite by 27 km (=197

7.5 km s−1
× 3.6 s). Such a large position error may be expected for the Suzaku satellite,198

given that there is a possibility that the epoch of the coordinate system used to deter-199

mine the orbital elements was incorrectly taken between “J2000” and “True of Date”.200

Position errros caused by the possible incorrect epoch are quantitatively estimated for201

a few cases to range from ∼9 km to ∼20 km. This can explain two thirds of the discrep-202

ancy. The remaining systematic error of the order of 10 km would reflect uncertainties203

on the orbit determination.204

Identifying sources of the systematic error is beyond the scope of this paper. In-205

stead, we simply shift ELV by ±∆ELV2, such that set and rise profiles are matched with206

each other. Specifically, we calculated ∆ELV2 from ELV1/2(rise)−ELV1/2(set), where207

ELV1/2 is defined as the elevation angle at which the X-ray intensity becomes half of the208

unattenuated level. We measured ELV1/2 by fitting the occultation light curves with a209

phenomenological model consisting of Gaussian plus constant components. Thus-derived210

∆ELV2 values are listed in the right-end column of Table 1. We can see that ∆ELV2211

ranges from ±0.04◦ to ±0.23◦, and the variation is unpredictable. The random varia-212

tion also supports the idea that the ELV shifts between set and rise profiles are not real.213

Figures 3 and 4 exhibit all the ELV-corrected (both ∆ELV1 and ∆ELV2) occul-214

tation profiles taken with Suzaku and Hitomi, respectively. The intensity is normalized215

at the unattenuated level for each Obs.ID. We fit these profiles with the same phenomeno-216

logical model as described in the previous paragraph, and show the best-fit models as217

black curves in Figures 3 and 4. We also give ELV1/2 values in the left upper corner in218

each panel. The ELV1/2 value for Hitomi is smaller than that of Suzaku. This is because219

Hitomi/HXI is sensitive to the higher energy band than Suzaku/XIS is. Within Suzaku220

data, there is another remarkable variation for ELV1/2, ranging from 2.43◦ to 2.54◦. This221

is probably due to remaining systematic uncertainties on ELV and/or real density vari-222

ation in the upper atmosphere.223

Next, we analyzed ELV-separated X-ray spectra to derive atmospheric column den-224

sities at various tangential altitudes. It would be best if we can examine X-ray spectra225

for every single occultation. However, photon statistics and sampling rates in one oc-226

cultation scan are so limited (especially for Suzaku) that we decided to accumulate all227
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occultations in each Obs.ID. We further combine short-exposure observations, i.e., Obs.IDs 100023010,228

100023020, and 101011060, to improve the effective sampling rate. The ELV bins for our229

spectral analysis are optimized to be 0.1◦, 0.3◦, and 0.6◦ in ELV ranges of 1.5◦–3.5◦, 3.5◦–230

4.7◦, and 4.7◦–5.3◦, respectively. To improve the photon statistics, we combine data from231

Suzaku’s XIS0, XIS1, and XIS3, and Hitomi’s HXI1 and HXI2. For Suzaku/XIS, we ex-232

clude a central circular region with a radius of 40′′ where pileup fraction exceeds 3% (Yamada233

et al., 2012).234

Figures 5 and 6 exhibit example X-ray spectra from Suzaku/XIS (Obs.ID 106012010)235

and Hitomi/HXI, respectively. Clearly, the X-ray intensity decreases from the low-energy236

band as the line-of-sight goes deeper into the atmosphere. We fit these spectra with an237

absorbed, power-law model, using the XSPEC package (Arnaud, 1996). The absorption238

model consists of two components: one for the interstellar absorption (the TBabs: Wilms239

et al. (2000)) and the other for the atmospheric absorption (the vphabs with the pho-240

toionization cross-sections by Verner et al. (1996)). As described in Determan et al. (2007),241

the accuracy of absolute cross sections is knwon to be better than 5%, which is smaller242

than a typical statistical uncertainty on each measurement (cf., Tables 2 and 3). We first243

determine an unattenuated spectral shape for each observation, by fitting an X-ray spec-244

trum taken during ELV=10◦–15◦ without the atmospheric absorption. The spectral-fit245

parameters for the Crab nebula in all epochs are in reasonable agreement with previous246

measurements (Hagino et al., 2018).247

Then, we fit ELV-binned X-ray spectra with the model that takes account of the248

atmospheric absorption. In this fitting procedure, all parameters related to the Crab neb-249

ula, i.e., the hydrogen column density for the interstellar absorption, the photon index250

and normalization of the power-law component, are fixed at the best-fit values obtained251

for each Obs.ID. In the atmospheric absorption component, we consider N, O, and Ar,252

with other elements fixed to zero. We fix relative abundances of O/N and Ar/N to those253

expected in the NRLMSISE-00 model at each altitude of interest (Picone et al., 2002),254

because our data do not allow us to measure individual contributions of the three ele-255

ments. As shown in Figures 5 and 6, this model fits the data fairly well. Below, we pro-256

vide the summed density of N and O, because both of them are sensitive to the X-ray257

absorption in the thermosphere. According to the NRLMSISE-00 model, the density of258

Ar is expected to be much smaller (less than 1%) than the N+O density in the lower ther-259

mosphere. Therefore, we do not include Ar in the following discussion.260

Tables 2 and 3 show the N+O column densities at all ELV bins for Suzaku/XIS261

and Hitomi/HXI, respectively. The two data sets for Suzaku, i.e., Obs.IDs 106012010262

and 106014010 which were taken half-year apart, represent extreme ELV1/2 cases (see263

Figure 3). As expected, there is a substantial difference in the atmospheric column den-264

sities by a factor of 2 between the two. At this moment, it is unclear if this change is real265

or not, but we suspect that this is caused by a systematic uncertainty on ELV. This is266

because two adjacent observations with similar tangent latitudes, 100023010 and 200023020,267

for which densities are expected to agree with each other, show a relatively large ELV1/2268

difference of 0.06◦. In addition, the ELV1/2 variation seems random, not showing sys-269

tematic long-term trends nor seasonal dependence. A possible source of systematic er-270

rors on ELV1/2 is an uncertainty of the satellite position in the vertical direction, which271

should result in the same ELV offsets for both set and rise profiles, and thus can not be272

taken into account by the ELV correction applied above. At this moment, it is difficult273

to reveal the source of ELV errors. Therefore, we here compute an average of the ten Suzaku274

data, which hopefully mitigate the uncertainty on ELV. We also take standard devia-275

tions of the ten Suzaku data sets as our conservative measurement errors; the standard276

deviations are generally a few times larger than the statistical uncertainties on each data277

point for a single Obs.ID. The results are listed in the right-end column of Table 2.278

Figure 7 compares our measured N+O column densities with those expected by the279

NRLMSISE-00 model at three different dates: 1) 2009-03-14 for the solar minimum, 2)280
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2012-03-14 for the solar maximum, when Obs.ID 106014010 data were taken, 3) 2016-281

03-26 for the intermediate phase, when Obs.ID 100044010 data were taken. The model282

curves are calculated at a location (latitude, longitude) = (0◦, 0◦) and times from 0:00283

to 23:00 (UT) by a step of an hour to take account of the local time dependence. In fact,284

the models at three epochs agree with each other below 150 km altitude. This is reason-285

able because the region below 150 km altitude is almost independent on the solar cycle286

(e.g., Meier et al., 2015). Our measurements are in general agreement with the model.287

We note in Figure 7 that errors below ∼100 km altitude are systematically smaller288

than those in the upper altitudes. This is because errors on the five data points from the289

bottom represent statistical uncertainties for the single Hitomi/HXI observation, whereas290

those on other data points represent standard deviations for ten Suzaku/XIS observa-291

tions. Without averaging, the Hitomi/HXI data could be biased. However, fortunately,292

we expect that the ELV accuracy for Hitomi is significantly improved from Suzaku, be-293

cause the possible major error source on ELV, i.e., the wrong coordinate system, suspected294

for Suzaku was resolved for Hitomi. Nonetheless, we introduced ±∆ELV2 of ∼0.069◦ to295

match the set and rise profiles for Hitomi (see Figure 4). This is relatively small com-296

pared with those for Suzaku, but the presence of ELV shift indicates unresolved system-297

atic errors on ELV even for Hitomi.298

We invert the tangential column number density to the local number density at the299

tangent point, using the technique developed by Roble and Hays (1972). Specifically, we300

followed their technique to stabilize the small random errors in the data, by using the301

exponential form to approximate the atmospheric column density distribution. In this302

procedure, we first need to obtain the normalization and decay constant of the exponen-303

tial function at each data point. To this end, the data point of our interest and its sur-304

rounding two data points in both sides are fitted with an exponential function. Then,305

the best-fit parameters for the exponential function are used to derive the local density,306

by using Equation (9) in Roble and Hays (1972). The errors are propagated according307

to the equation in the appendix of Roble and Hays (1972). As a result, we obtain a ver-308

tical density distribution in Figure 8. We also plot a prediction by NRLMSISE-00 on 2016-309

03-26 when the Hitomi/HXI data were obtained. As expected from Figure 7, the den-310

sity profile is in general agreement with the NRLMSISE-00 model. However, we can see311

a significant density deficit at altitudes around 100 km, which is magnified in the inset312

of Figure 8.313

4 Discussion314

We have measured the atmospheric N+O density in the altitude range of 70–220 km315

and the latitude of −20◦–40◦ during a period from 2005 to 2016, with the X-ray astron-316

omy satellites Suzaku and Hitomi. We analyzed data from 221 occultation scans in to-317

tal. To minimize the possible systematic uncertainty on ELV, we constructed a single,318

averaged vertical density profile as shown in Figure 8. For comparison, Figure 8 also shows319

recent measurements that overlaps the altitude range of our interest (Determan et al.,320

2007; Meier et al., 2015; Thiemann et al., 2017; Cheng et al., 2020). We here focused on321

literature that lists N and O densities, excluding measurements of the O2 density (e.g.,322

Lumpe et al., 2007), as O2 is a minor species in the thermosphere. When plotting the323

literature data in Figure 8, we converted the data (either N2+O or total mass density)324

into the total number densities of N and O, assuming the altitude-dependent atmospheric325

composition in the NRLMSISE-00 model.326

Our data are consistent with results from TIMED/SABER’s infrared (IR) obser-327

vations at 72 km and 100 km (Cheng et al., 2020), as well as RXTE/PCA’s X-ray occul-328

tation observations at altitudes 73–93 km (Determan et al., 2007). Our data are signif-329

icantly larger than the RXTE/PCA measurements in altitudes 100–120 km. It should330

be noted, however, that Determan et al. (2007) also presented ∼1.7 times larger densi-331
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ties in the 70–150 km range from both RXTE/PCA and ARGOS/USA, based on their332

analysis using lower-energy emission (3–19 keV and 2–12 keV for PCA and USA, respec-333

tively, hence sensitive to higher altitudes) and a model with a single-density scalar at all334

altitudes. This result is consistent with our measurement, and in fact better connects335

to the density in the lower altitude (Determan et al., 2007). Therefore, we suspect that336

the deviation seen at altitudes 100–120 km is controversial. Above 120 km, our data gen-337

erally agree with two previous measurements by TIMED/GUVI (Meier et al., 2015, data338

taken on day 77 in 2002) and PROBA2/LYRA (Thiemann et al., 2017). However, the339

data taken on day 194 in 2006 (Meier et al., 2015) show a significantly lower density than340

ours. This might be partly due to the latitude dependence on the atomic O density, which341

decreases more rapidly with increasing height at higher latitudes. We conclude that our342

data are in reasonable agreement with earlier density measurements.343

To compare our measurement and the model more quantitatively, we compare in344

Figure 9 the data with a time-averaged density model on 2016-03-26, when Hitomi/HXI345

data were taken. The right-hand panel shows the data-to-model ratio as a function of346

altitude. As mentioned in the previous section, the measured density profile is in good347

agreement with the NRLMSISE-00 model, except for the altitude range of 80–110 km,348

where the data are significantly smaller than the model with a maximum deficit of −30%349

at altitude of ∼95 km.350

Both theoretical models and observations have suggested that the increasing green-351

house gas (e.g., CO2 and CH4) concentration in the troposphere causes the upper at-352

mosphere to cool and contract, resulting in a corresponding density decrease at a given353

height (e.g., Roble & Dickinson, 1989; Keating et al., 2000). In the troposphere, CO2354

is optically thick and traps IR radiation emitted by the Earth’s surface. In the strato-355

sphere and above, CO2 is optically thin and emits infrared radiation to space, which cools356

and contracts these regions. Emmert (2015) summarized long-term density trends from357

both modeling studies and observations. Although there is a significant scatter among358

the data, the trend is all negative (decreasing density) in the thermosphere. It is inter-359

esting to note that Akmaev et al. (2006) predicted that a layer near 110 km shows a max-360

imum density reduction of −6.5% per decade, which was later quantitatively confirmed361

by radar observations of meteor trails (Stober et al., 2014). The ratio between our data362

and the NRLMSISE-00 model in Figure 9 shows a maximum of the density decline at363

∼100 km altitude, which is qualitatively consistent with the trend found by Akmaev et364

al. (2006).365

We do not see a significant long-term density variation within our data. Although366

ELV1/2 values for occultation light curves indicate significant density variations from ob-367

servation to observation, we consider that this variation is more likely caused by a sys-368

tematic uncertainty on ELV, as we described in the previous section. There is no clear369

density difference compared with past observations, either. In order to discuss tempo-370

ral variations of the atmospheric density, it is critical to reveal the possible systematic371

uncertainty on the ELV parameter, and refine the ELV values. This is left for our future372

work.373

Occultations of X-ray astronomical sources have been detected with other X-ray374

astronomy satellites in low Earth orbits, including terminated ones such as Ginga (Makino375

& ASTRO-C Team, 1987) and ASCA (Tanaka et al., 1994), as well as in-operation ones376

such as NuSTAR (Harrison et al., 2013) and NICER (Gendreau et al., 2016). Analyses377

of the data from these satellites will allow us to investigate a long-term trend of the at-378

mospheric density. Specifically, NuSTAR is suitable to diagnose the density deficit re-379

gion at the altitude ∼100 km, thanks to its good sensitivity in a wide energy range of380

3–80 keV. NICER has an unprecedented throughput that will allow us to obtain the den-381

sity profile every single occultation. Also, the X-Ray Imaging and Spectroscopy Mission382

(XRISM: Tashiro et al., 2018), the Japan-US X-ray astronomy mission scheduled to be383

launched in 2022, will carry an X-ray micro-calorimeter (Resolve: Ishisaki et al., 2018)384
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that will allow for high-resolution spectroscopy of a resolution of ∆E ∼5 keV with lit-385

tle energy dependence in 0.2–12 keV. To demonstrate its capability, we simulate XRISM/Resolve386

spectra expected during the occultation of the Crab nebula, as shown in Figure 10 left387

and right for ELV 3.5◦–3.8◦ and 2.1◦–2.2◦, respectively. Absorption edges of N at 0.41 keV388

and O at 0.54 keV can be seen at higher tangential altitudes, and that of Ar at 3.2 keV389

can be seen at lower tangential altitudes. The depths of these edges will tell us the com-390

position of the atmosphere. These simulations are performed for an exposure time of 500 s.391

This exposure time will be accumulated by ∼100 and ∼300 occultations for ELV 3.5◦–392

3.8◦ and 2.1◦–2.2◦, respectively. Therefore, it will take a few years for us to take the spec-393

trum of this quality from calibration data alone, but it is certainly doable with XRISM/Resolve.394

Finally, we point out that measuring atmospheric densities with X-ray astronomy395

satellites has just started, and thus more experiences are essential to obtain deeper in-396

sights into unresolved issues such as the source of systematic uncertainties on ELV.397

5 Conclusions398

By analyzing data during atmospheric occultations of the Crab nebula, obtained399

with two X-ray astronomy satellites Suzaku and Hitomi, we measured a vertical density400

profile of the Earth’s atmosphere in altitudes of 70–220 km. We provided one density pro-401

file, by averaging 221 occultations taken during 2005–2016. The vertical density profile402

is generally consistent with a prediction by the empirical NRLMSISE-00 model. Our mea-403

surement is also generally consistent with several earlier measurements (Determan et al.,404

2007; Meier et al., 2015; Thiemann et al., 2017; Cheng et al., 2020). We found a signif-405

icant density deficit at the altitude range of 80–110 km. The strong density deficit at ∼100 km406

altitude is qualitatively consistent with a model prediction and observation that claims407

long-term cooling in the upper atmosphere due to IR radiation from increasing green-408

house gases (Akmaev et al., 2006; Stober et al., 2014). It is important to monitor the409

atmospheric density to clarify if the possible long-term trend is true or not. This work410

can be done by analyses of data acquired with past, in-operation, and future X-ray as-411

tronomy satellites. In addition, with the upcoming XRISM, we will be able to measure412

the composition of the upper atmosphere from K-shell absorption edges of N, O, and Ar.413
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Table 1: Summary of occultations of the Crab nebula analyzed in
this paper.

Instrument ELV=5◦ (0◦) → ELV=0◦ (5◦) Tangent point Occultation ∆ELV1 ∆ELV2
(Obs.ID) (UT) Lat, Long (◦) #, type (◦) (◦)

Suzaku/XIS
(100023010)

2005-09-15, 14:10:54 → 12:15 20.15, 138.34 1, Rising 0.112

0.099
2005-09-15, 15:46:51 → 48:11 20.32, 114.19 2, Rising 0.021
2005-09-15, 17:22:47 → 24:07 20.50, 90.04 3, Rising 0.022
2005-09-15, 18:21:48 → 23:08 -20.33, 255.13 4, Setting 0.022

2005-09-15, 18:58:43 → 19:00:03 20.67, 65.89 5, Rising 0.023

Suzaku/XIS
(100023020)

2005-09-15, 19:57:44 → 59:05 -20.42, 231.08 6, Setting 0.112

0.044

2005-09-15, 20:34:40 → 36:00 20.86, 41.76 7, Rising 0.024
2005-09-15, 21:33:41 → 35:01 -20.51, 207.00 8, Setting 0.113
2005-09-15, 22:10:36 → 11:56 21.03, 377.60 9, Rising 0.024
2005-09-15, 23:09:37 → 10:57 -20.59, 182.93 10, Setting 0.113
2005-09-15, 23:46:32 → 47:53 21.21, 353.45 11, Rising 0.025
2005-09-16, 00:45:33 → 46:53 -20.67, 158.85 12, Setting 0.114
2005-09-16, 01:22:28 → 23:49 21.38, 329.30 13, Rising 0.026

Suzaku/XIS
(101011060)

2006-09-18, 21:33:13 → 35:13 -4.10, 35.39 14, Rising 0.022
0.180

2006-09-18, 22:37:00 → 38:59 39.49, 219.20 15, Setting 0.134

Suzaku/XIS
(102019010)

2007-03-20, 11:03:10 → 04:30 26.95, 201.86 16, Setting 0.051

0.045

2007-03-20, 18:03:35 → 04:56 -22.60, 273.36 17, Rising 0.128
2007-03-20, 19:02:39 → 03:59 26.21, 81.16 18, Setting 0.047
2007-03-20, 19:39:29 → 40:50 -22.55, 249.31 19, Rising 0.128
2007-03-20, 20:38:32 → 39:53 26.06, 57.02 20, Setting 0.047
2007-03-20, 21:15:23 → 16:44 -22.50, 225.25 21, Rising 0.128
2007-03-20, 22:14:26 → 15:46 25.90, 32.88 22, Setting 0.046
2007-03-20, 22:51:17 → 52:37 -22.46, 201.20 23, Rising 0.127
2007-03-20, 23:50:20 → 51:40 25.75, 8.73 24, Setting 0.045
2007-03-21, 00:27:11 → 28:31 -22.41, 177.14 25, Rising 0.127
2007-03-21, 01:26:14 → 27:34 25.60, -15.41 26, Setting 0.044
2007-03-21, 02:03:05 → 04:25 -22.36, 153.08 27, Rising 0.126
2007-03-21, 03:02:07 → 03:28 25.44, 320.45 28, Setting 0.044
2007-03-21, 03:38:59 → 40:19 -22.31, 129.03 29, Rising 0.126
2007-03-21, 04:38:01 → 39:22 25.29, 296.31 30, Setting 0.043
2007-03-21, 05:14:53 → 16:13 -22.26, 104.97 31, Rising 0.126
2007-03-21, 06:13:55 → 15:15 25.13, 272.17 32, Setting 0.042
2007-03-21, 06:50:47 → 52:07 -22.20, 80.91 33, Rising 0.125
2007-03-21, 07:49:49 → 51:09 24.98, 248.02 34, Setting 0.041
2007-03-21, 08:26:41 → 28:01 -22.15, 56.86 35, Rising 0.125
2007-03-21, 09:25:43 → 27:03 24.82, 223.88 36, Setting 0.041
2007-03-21, 10:02:35 → 03:55 -22.09, 32.80 37, Rising 0.124

Suzaku/XIS
(103007010)

2008-08-27, 08:53:07 → 54:28 8.72, 242.16 38, Rising 0.000

0.103

2008-08-27, 10:29:01 → 30:21 8.93, 218.03 39, Rising 0.000
2008-08-27, 12:04:54 → 06:15 9.13, 193.90 40, Rising 0.000
2008-08-27, 13:03:58 → 05:19 -13.06, -4.74 41, Setting 0.065
2008-08-27, 13:40:47 → 42:08 9.34, 169.78 42, Rising 0.000
2008-08-27, 15:16:41 → 18:01 9.54, 145.65 43, Rising 0.000
2008-08-27, 16:52:34 → 53:55 9.74, 121.53 44, Rising 0.000
2008-08-27, 18:28:27 → 29:48 9.94, 97.40 45, Rising 0.000
2008-08-27, 19:27:31 → 28:51 -13.67, 258.93 46, Setting 0.069
2008-08-27, 20:04:20 → 05:41 10.15, 73.27 47, Rising 0.001
2008-08-27, 21:03:24 → 04:44 -13.82, 234.84 48, Setting 0.070
2008-08-27, 21:40:14 → 41:34 10.35, 49.14 49, Rising 0.001

To be continued
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Instrument ELV=5◦ (0◦) → ELV=0◦ (5◦) Tangent point Occultation ∆ELV
(Obs.ID) (UT) Lat, Long (◦) #, type (◦) (◦)

2008-08-27, 22:39:17 → 40:37 -13.96, 210.76 50, Setting 0.070
2008-08-28, 00:15:10 → 16:30 -14.11, 186.67 51, Setting 0.071
2008-08-28, 00:52:00 → 53:21 10.76, 360.88 52, Rising 0.001
2008-08-28, 01:51:03 → 52:23 -14.26, 162.59 53, Setting 0.072
2008-08-28, 02:27:53 → 29:14 10.96, 336.76 54, Rising 0.001
2008-08-28, 03:26:56 → 28:17 -14.40, 138.51 55, Setting 0.073
2008-08-28, 04:03:46 → 05:07 11.16, 312.63 56, Rising 0.001
2008-08-28, 05:02:49 → 04:10 -14.55, 114.43 57, Setting 0.074

Suzaku/XIS
(105002010)

2010-04-05, 14:04:46 → 06:41 -7.07, 124.44 58, Setting 0.034

0.030

2010-04-05, 15:40:40 → 42:36 -6.81, 100.49 59, Setting 0.033
2010-04-05, 17:16:35 → 18:31 -6.54, 76.53 60, Setting 0.032
2010-04-05, 18:52:29 → 54:26 -6.28, 52.58 61, Setting 0.031
2010-04-05, 19:25:03 → 27:00 39.64, 205.07 62, Rising 0.135
2010-04-05, 20:28:24 → 30:21 -6.01, 28.63 63, Setting 0.030
2010-04-05, 21:00:55 → 02:52 39.62, 181.05 64, Rising 0.135
2010-04-05, 22:04:18 → 06:16 -5.73, 4.68 65, Setting 0.029
2010-04-05, 22:36:46 → 38:44 39.61, 157.04 66, Rising 0.134
2010-04-06, 00:12:38 → 14:36 39.59, 133.03 67, Rising 0.134
2010-04-06, 01:48:29 → 50:28 39.57, 109.02 68, Rising 0.134
2010-04-06, 03:24:21 → 26:20 39.55, 85.01 69, Rising 0.134
2010-04-06, 05:00:12 → 02:12 39.52, 61.00 70, Rising 0.134
2010-04-06, 06:03:51 → 05:51 -4.34, 244.94 71, Setting 0.023
2010-04-06, 06:36:04 → 38:04 39.49, 36.99 72, Rising 0.134
2010-04-06, 07:39:46 → 41:47 -4.06, 220.99 73, Setting 0.022
2010-04-06, 08:11:55 → 13:56 39.46, 373.00 74, Rising 0.133
2010-04-06, 09:15:41 → 17:42 -3.77, 197.05 75, Setting 0.021
2010-04-06, 09:47:47 → 49:48 39.43, 349.00 76, Rising 0.133
2010-04-06, 10:51:36 → 53:37 -3.47, 173.12 77, Setting 0.020
2010-04-06, 11:23:39 → 25:40 39.40, 325.00 78, Rising 0.133

Suzaku/XIS
(106012010)

2011-09-01, 06:38:29 → 40:44 37.85, 252.57 79, Rising 0.122

0.105

2011-09-01, 07:43:43 → 45:58 5.22, 77.84 80, Setting 0.001
2011-09-01, 08:14:19 → 16:34 37.75, 228.67 81, Rising 0.121
2011-09-01, 09:19:36 → 21:52 5.56, 53.94 82, Setting 0.001
2011-09-01, 09:50:09 → 52:24 37.66, 204.74 83, Rising 0.120
2011-09-01, 10:55:28 → 57:45 5.91, 30.05 84, Setting 0.001
2011-09-01, 11:25:58 → 28:14 37.56, 180.81 85, Rising 0.120
2011-09-01, 12:31:21 → 33:38 6.26, 6.16 86, Setting 0.001
2011-09-01, 13:01:47 → 04:04 37.47, 156.89 87, Rising 0.119
2011-09-01, 14:37:37 → 39:54 37.37, 132.96 88, Rising 0.118
2011-09-01, 16:13:26 → 15:44 37.27, 109.04 89, Rising 0.117
2011-09-01, 17:49:16 → 51:34 37.16, 85.12 90, Rising 0.117
2011-09-01, 18:54:51 → 57:10 7.65, 270.61 91, Setting 0.000
2011-09-01, 19:25:05 → 27:24 37.05, 61.20 92, Rising 0.116
2011-09-01, 20:30:44 → 33:04 8.01, 246.73 93, Setting 0.000
2011-09-01, 21:00:55 → 03:14 36.94, 37.29 94, Rising 0.115
2011-09-01, 22:06:37 → 08:57 8.36, 222.84 95, Setting 0.000
2011-09-01, 22:36:45 → 39:05 36.82, 373.39 96, Rising 0.114
2011-09-01, 23:42:30 → 44:50 8.72, 198.96 97, Setting 0.000
2011-09-02, 00:12:35 → 14:55 36.71, 349.47 98, Rising 0.113
2011-09-02, 01:18:23 → 20:44 9.08, 175.09 99, Setting 0.000
2011-09-02, 01:48:25 → 50:45 36.59, 325.57 100, Rising 0.112
2011-09-02, 02:54:16 → 56:37 9.43, 151.20 101, Setting 0.000

To be continued
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Instrument ELV=5◦ (0◦) → ELV=0◦ (5◦) Tangent point Occultation ∆ELV
(Obs.ID) (UT) Lat, Long (◦) #, type (◦) (◦)

2011-09-02, 03:24:14 → 26:36 36.47, 301.66 102, Rising 0.112
2011-09-02, 04:30:09 → 32:30 9.78, 127.32 103, Setting 0.000
2011-09-02, 05:00:04 → 02:26 36.34, 277.76 104, Rising 0.111
2011-09-02, 06:06:02 → 08:24 10.14, 103.45 105, Setting 0.000

Suzaku/XIS
(106014010)

2012-03-14, 01:27:03 → 28:23 20.44, -12.64 106, Setting 0.022

0.226

2012-03-14, 02:03:59 → 05:18 -20.09, 158.74 107, Rising 0.112
2012-03-14, 03:02:46 → 04:06 20.26, 323.26 108, Setting 0.022
2012-03-14, 03:39:42 → 41:01 -20.00, 134.72 109, Rising 0.111
2012-03-14, 04:38:29 → 39:49 20.09, 299.17 110, Setting 0.021
2012-03-14, 05:15:25 → 16:44 -19.91, 110.70 111, Rising 0.111
2012-03-14, 05:15:25 → 16:44 -19.91, 110.70 112, Rising 0.020
2012-03-14, 06:14:12 → 15:32 19.91, 275.08 113, Setting 0.020
2012-03-14, 06:51:08 → 52:27 -19.82, 86.67 114, Rising 0.110
2012-03-14, 07:49:55 → 51:15 19.73, 250.98 115, Setting 0.020
2012-03-14, 08:26:51 → 28:10 -19.72, 62.65 116, Rising 0.109
2012-03-14, 09:25:38 → 26:58 19.55, 226.88 117, Setting 0.019
2012-03-14, 11:01:21 → 02:41 19.37, 202.79 118, Setting 0.019
2012-03-14, 12:37:04 → 38:24 19.19, 178.70 119, Setting 0.018
2012-03-14, 14:12:47 → 14:07 19.01, 154.60 120, Setting 0.017
2012-03-14, 15:48:30 → 49:50 18.82, 130.51 121, Setting 0.016
2012-03-14, 17:24:13 → 25:33 18.64, 106.41 122, Setting 0.016
2012-03-14, 18:01:09 → 02:29 -19.13, 278.51 123, Rising 0.105

2012-03-14, 18:59:56 → 19:01:16 18.46, 82.32 124, Setting 0.016
2012-03-14, 19:36:52 → 38:12 -19.02, 254.49 125, Rising 0.104
2012-03-14, 20:35:39 → 36:59 18.28, 58.23 126, Setting 0.015
2012-03-14, 21:12:35 → 13:55 -18.92, 230.46 127, Rising 0.104
2012-03-14, 22:11:22 → 12:42 18.09, 34.13 128, Setting 0.015
2012-03-14, 22:48:18 → 49:38 -18.81, 206.43 129, Rising 0.103
2012-03-14, 23:47:05 → 48:25 17.90, 10.03 130, Setting 0.014
2012-03-15, 00:24:01 → 25:21 -18.71, 182.40 131, Rising 0.102
2012-03-15, 01:22:49 → 24:09 17.72, -14.06 132, Setting 0.014

2012-03-15, 01:59:44 → 02:01:04 -18.60, 158.37 133, Rising 0.101
2012-03-15, 02:58:32 → 59:52 17.53, 321.84 134, Setting 0.013

Suzaku/XIS
(107011010)

2012-09-26, 06:03:29 → 05:09 -15.90, 70.09 135, Setting 0.083

0.099

2012-09-26, 06:38:02 → 39:41 39.05, 226.54 136, Rising 0.132
2012-09-26, 07:39:11 → 40:50 -15.73, 46.15 137, Setting 0.082
2012-09-26, 08:13:41 → 15:20 39.09, 202.52 138, Rising 0.133
2012-09-26, 09:49:20 → 51:00 39.12, 178.50 139, Rising 0.133
2012-09-26, 11:24:59 → 26:39 39.16, 154.48 140, Rising 0.133
2012-09-26, 13:00:39 → 02:19 39.19, 130.46 141, Rising 0.133
2012-09-26, 14:36:18 → 37:58 39.23, 106.44 142, Rising 0.134
2012-09-26, 16:11:57 → 13:38 39.26, 82.43 143, Rising 0.134
2012-09-26, 17:13:19 → 15:01 -14.69, 262.54 144, Setting 0.075
2012-09-26, 17:47:36 → 49:17 39.29, 58.41 145, Rising 0.134
2012-09-26, 18:49:00 → 50:42 -14.51, 238.61 146, Setting 0.074
2012-09-26, 19:23:15 → 24:57 39.32, 34.39 147, Rising 0.134
2012-09-26, 20:24:42 → 26:24 -14.32, 214.67 148, Setting 0.073

2012-09-26, 20:58:54 → 21:00:36 39.35, 370.38 149, Rising 0.135
2012-09-26, 22:00:24 → 02:06 -14.13, 190.75 150, Setting 0.072
2012-09-26, 22:34:34 → 36:16 39.38, 346.37 151, Rising 0.135
2012-09-26, 23:36:05 → 37:48 -13.94, 166.82 152, Setting 0.070
2012-09-27, 00:10:13 → 11:56 39.41, 322.36 153, Rising 0.135

To be continued
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Instrument ELV=5◦ (0◦) → ELV=0◦ (5◦) Tangent point Occultation ∆ELV
(Obs.ID) (UT) Lat, Long (◦) #, type (◦) (◦)

2012-09-27, 01:11:47 → 13:30 -13.75, 142.89 154, Setting 0.069
2012-09-27, 01:45:52 → 47:35 39.43, 298.35 155, Rising 0.135
2012-09-27, 02:47:29 → 49:12 -13.56, 118.96 156, Setting 0.068
2012-09-27, 03:21:32 → 23:15 39.46, 274.34 157, Rising 0.135
2012-09-27, 04:23:10 → 24:54 -13.37, 95.03 158, Setting 0.067
2012-09-27, 04:57:11 → 58:54 39.48, 250.33 159, Rising 0.136

Suzaku/XIS
(107012010)

2013-02-27, 00:31:45 → 33:05 -10.92, 2.88 160, Setting 0.054

0.150

2013-02-27, 01:08:35 → 09:56 6.87, 178.27 161, Rising 0.000
2013-02-27, 02:44:12 → 45:33 7.08, 154.22 162, Rising 0.000
2013-02-27, 04:19:49 → 21:10 7.28, 130.16 163, Rising 0.000
2013-02-27, 05:55:26 → 56:47 7.49, 106.11 164, Rising 0.000
2013-02-27, 07:31:03 → 32:24 7.70, 82.05 165, Rising 0.000
2013-02-27, 08:29:49 → 31:10 -11.75, 242.77 166, Setting 0.058
2013-02-27, 09:06:40 → 08:01 7.90, 57.99 167, Rising 0.000
2013-02-27, 10:05:26 → 06:46 -11.91, 218.75 168, Setting 0.059
2013-02-27, 10:42:17 → 43:38 8.11, 33.93 169, Rising 0.000
2013-02-27, 11:41:03 → 42:23 -12.07, 194.73 170, Setting 0.060
2013-02-27, 13:16:39 → 18:00 -12.23, 170.71 171, Setting 0.061
2013-02-27, 13:53:31 → 54:52 8.52, 345.82 172, Rising 0.000
2013-02-27, 14:52:16 → 53:37 -12.39, 146.69 173, Setting 0.062
2013-02-27, 15:29:08 → 30:28 8.72, 321.76 174, Rising 0.000
2013-02-27, 16:27:53 → 29:13 -12.55, 122.67 175, Setting 0.063
2013-02-27, 17:04:45 → 06:05 8.93, 297.70 176, Rising 0.000
2013-02-27, 18:03:30 → 04:50 -12.70, 98.65 177, Setting 0.064
2013-02-27, 19:39:07 → 40:27 -12.86, 74.63 178, Setting 0.065
2013-02-27, 20:15:59 → 17:19 9.34, 249.58 179, Rising 0.000
2013-02-27, 21:14:43 → 16:04 -13.01, 50.61 180, Setting 0.066
2013-02-27, 21:51:36 → 52:56 9.54, 225.52 181, Rising 0.000

Suzaku/XIS
(108011010)

2013-09-30, 10:42:29 → 43:49 -19.32, 191.65 182, Rising 0.106

0.211

2013-09-30, 11:41:05 → 42:24 19.01, -4.64 183, Setting 0.018
2013-09-30, 12:18:01 → 19:21 -19.22, 167.69 184, Rising 0.106
2013-09-30, 13:16:37 → 17:56 18.83, 331.31 185, Setting 0.017
2013-09-30, 13:53:34 → 54:53 -19.12, 143.70 186, Rising 0.105
2013-09-30, 14:52:09 → 53:29 18.64, 307.26 187, Setting 0.017
2013-09-30, 15:29:06 → 30:25 -19.02, 119.72 188, Rising 0.104
2013-09-30, 16:27:41 → 29:01 18.46, 283.21 189, Setting 0.016
2013-09-30, 17:04:38 → 05:58 -18.91, 95.74 190, Rising 0.104
2013-09-30, 18:03:13 → 04:33 18.28, 259.17 191, Setting 0.015
2013-09-30, 18:40:10 → 41:30 -18.81, 71.76 192, Rising 0.103
2013-09-30, 19:38:45 → 40:05 18.09, 235.12 193, Setting 0.015
2013-09-30, 21:14:18 → 15:37 17.90, 211.07 194, Setting 0.014
2013-09-30, 22:49:50 → 51:10 17.72, 187.02 195, Setting 0.014
2013-10-01, 00:25:22 → 26:42 17.53, 162.97 196, Setting 0.013
2013-10-01, 02:00:54 → 02:14 17.34, 138.93 197, Setting 0.013
2013-10-01, 03:36:26 → 37:46 17.16, 114.87 198, Setting 0.012
2013-10-01, 04:13:23 → 14:43 -18.15, 287.88 199, Rising 0.098
2013-10-01, 05:11:59 → 13:18 16.97, 90.83 200, Setting 0.012
2013-10-01, 05:48:55 → 50:15 -18.03, 263.89 201, Rising 0.097
2013-10-01, 06:47:31 → 48:51 16.78, 66.78 202, Setting 0.011
2013-10-01, 07:24:27 → 25:47 -17.92, 239.91 203, Rising 0.097
2013-10-01, 08:23:03 → 24:23 16.59, 42.74 204, Setting 0.011

2013-10-01, 08:59:59 → 09:01:19 -17.80, 215.92 205, Rising 0.096
To be continued
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Instrument ELV=5◦ (0◦) → ELV=0◦ (5◦) Tangent point Occultation ∆ELV
(Obs.ID) (UT) Lat, Long (◦) #, type (◦) (◦)

2013-10-01, 09:58:35 → 59:55 16.40, 18.68 206, Setting 0.010

Suzaku/XIS
(408008010)

2013-09-16, 17:04:02 → 05:53 -9.30, 106.64 207, Rising 0.045

0.236

2013-09-16, 18:06:21 → 08:11 39.70, 288.58 208, Setting 0.138
2013-09-16, 18:39:37 → 41:28 -9.54, 82.76 209, Rising 0.046
2013-09-16, 19:41:53 → 43:43 39.70, 264.63 210, Setting 0.138
2013-09-16, 20:15:12 → 17:03 -9.78, 58.87 211, Rising 0.048
2013-09-16, 21:17:26 → 19:15 39.70, 240.67 212, Setting 0.138
2013-09-16, 21:50:48 → 52:38 -10.01, 34.99 213, Rising 0.049
2013-09-16, 22:52:58 → 54:47 39.70, 216.72 214, Setting 0.138
2013-09-17, 00:28:30 → 30:19 39.69, 192.75 215, Setting 0.138
2013-09-17, 02:04:03 → 05:51 39.68, 168.80 216, Setting 0.137
2013-09-17, 03:39:35 → 41:23 39.67, 144.83 217, Setting 0.137

Hitomi/HXI
(100044010)

2016-03-25, 18:47:29 → 48:53 32.99, 167.97 218, Setting 0.086

0.069
2016-03-25, 21:33:35 → 34:59 -22.77, 282.69 219, Rising 0.130

2016-03-25, 21:59:03 → 22:00:27 32.88, 143.81 220, Setting 0.085
2016-03-26, 01:10:37 → 12:01 32.77, 119.64 221, Setting 0.084

End of table
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Table 2. Combined N and O column number densities measured with Suzaku/XIS

ELV (deg) Altitude (km) Column density (×1022 cm−2)
106012010 106014010 Mean (SD)a

4.7–5.3 202.2–224.8 0.3(< 1.9)×10−5 12.0±2.6×10−5 7.5×10−5 (5.2×10−5)
4.4–4.7 190.6–202.2 1.4(< 2.9)×10−5 12.5±3.6×10−5 10.4×10−5 (7.5×10−5)
4.1–4.4 178.8–190.6 10.9±3.0×10−5 2.3±0.5×10−4 16.6×10−5 (9.5×10−5)
3.8–4.1 166.9–178.8 1.6±0.3×10−4 3.4±0.4×10−4 2.7×10−4 (1.3×10−4)
3.5–3.8 154.7–166.9 3.0±0.4×10−4 5.8±0.5×10−4 4.6×10−4 (1.9×10−4)
3.4–3.5 150.6–154.7 4.6±0.7×10−4 8.0±1.0×10−4 7.6×10−4 (3.8×10−4)
3.3–3.4 146.5–150.6 5.6±0.7×10−4 10.4±1.3×10−3 7.3×10−4 (3.2×10−4)
3.2–3.3 142.4–146.5 7.3±0.8×10−4 12.0±1.4×10−4 9.6×10−4 (4.5×10−4)
3.1–3.2 138.3–142.4 8.2±0.9×10−4 13.3±1.7×10−4 12.2×10−4 (5.0×10−4)
3.0–3.1 134.1–138.3 11.5±0.9×10−4 17.7±1.4×10−4 15.3×10−4 (0.6×10−4)
2.9–3.0 129.9–134.1 1.4±0.1×10−3 2.3±0.2×10−3 2.3×10−3 (1.0×10−3)
2.8–2.9 125.7–129.9 1.9±0.2×10−3 3.1±0.2×10−3 2.7×10−3 (1.0×10−3)
2.7–2.8 121.5–125.7 2.6±0.2×10−3 5.2±0.4×10−3 4.0×10−3 (1.6×10−3)
2.6–2.7 117.3–121.5 3.9±0.2×10−3 6.1±0.5×10−3 5.5×10−3 (2.3×10−3)
2.5–2.6 113–117.3 6.1±0.3×10−3 10.0±0.7×10−3 8.6×10−3 (3.6×10−3)
2.4–2.5 108.7–113 10.7±0.6×10−3 18.3±1.2×10−3 16.6×10−3 (7.7×10−3)
2.3–2.4 104.4–108.7 0.020±0.01 0.037±0.005 0.029 (0.013)
2.2–2.3 100.1–104.4 0.054±0.004 0.092+0.015

−0.012 0.068 (0.037)
2.1–2.2 95.7–100.1 0.103+0.009

−0.008 0.16+0.04
−0.03 0.13 (0.03)

2.0–2.1 91.4–95.7 0.23±0.02 0.30+0.06
−0.05 0.28 (0.14)

Table 3. Combined N and O column number densities measured with Hitomi/HXI

ELV (deg) Altitude (km) Column density (×1022 cm−2)

2.0–2.1 92.7–97.1 0.20±0.01
1.9–2.0 88.2–92.7 0.48±0.02
1.8–1.9 83.8–88.2 1.11±0.06
1.7–1.8 79.3–83.8 2.53+0.17

−0.15

1.6–1.7 74.8–79.3 5.35+0.47
−0.40

1.5–1.6 70.3–74.8 14.2+2.7
−2.1
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Figure 1. Upper panel: Geometry of Earth’s atmospheric occultation of a star. The tangent

altitude and ELV, defined as the elevation angle of the source above the Earth, are indicated. As

the satellite proceeds, the source sets behind the Earth’s atmosphere. Lower panel: X-ray spec-

tral variation of the Crab nebula during the occultation. The data are taken with the XIS and

HXI covering 0.4–12 keV and 4–70 keV, respectively. Spectra free from the atmospheric absorp-

tion are shown in black. As the occultation progresses, the X-ray photons are gradually absorbed

from the low-energy side due to the increasing atmospheric density with the decreasing tangential

altitude.
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Figure 2. Upper panel: X-ray occultation light curves obtained with Suzaku/XIS, showing

all the occultation data in Obs.ID 106014010. A clear ELV shift can be seen between set and

rise profiles. Lower panels: Time variation of ELV during typical set (right) and rise (left) in

Obs.ID 106014010. The time t = 0 is when the Crab nebula emerges from the solid Earth, ELV

= 0◦. After ∼30 s, X-ray emission from the Crab nebula emerges from the Earth’s atmosphere.

After about an hour, the Crab nebula sets into the Earth. A time shift by +3.6 s will result in

ELV shifts of ±0.226◦ for the set and rise, which can match the set and rise profiles in the upper

panel.
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Figure 4. Same as Figure 3 but for Hitomi.
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Figure 5. Example X-ray spectra obtained with the XIS (Obs.ID 106012010). The data are

fitted with the emission model from the Crab nebula, which takes account of the Earth’s atmo-

spheric absorption.
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Figure 6. Same as Figure 5 but for Hitomi.
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Figure 7. Atmospheric N+O column densities as a function of altitude. The bottom five data

points are obtained with Hitomi/HXI, whereas other data are obtained with Suzaku/XIS, which

are means and standard deviations of the ten data sets (Obs.IDs) listed in Table 2. Gray lines

represent predictions of the NRLMSISE-00 model at various hours of a day. For clarity, we shift

the data and model horizontally by multiplying factors of 20 (NRL model on 2012-03-14, the

solar maximum) or 1/20 (NRL model on 2009-03-14, the solar minimum).
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Figure 8. Atmospheric N+O densities as a function of altitude, which is inverted from the

column density in Figure 7. The gray lines represent the NRLMSISE-00 models at various hours

of the day 2016-03-26. Other data from recent literatures are also plotted. The inset shows a

close-up view of the lowest altitudes, where our density measurements are significantly smaller

than the NRLMSISE-00 model.
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Figure 9. Left: Same as Figure 8 but the model curve in red is the mean on 2016-03-26.

Right: Ratio between the data and model shown in the left panel.
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Figure 10. Crab nebula’s X-ray spectra to be obtained with XRISM/Resolve, at ELV 3.5◦–

3.8◦ (left) and ELV 2.1◦–2.2◦ (right). Lower panels show ratios between the data and the model

which does not take account of the Earth’s atmospheric absorption. Due to the atmospheric

absorption, the K-shell edges of N, O, and Ar are clearly seen, from which we will be able to

measure the chemical composition of the atmosphere.
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