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Key Points:

• Combined O and N densities at altitudes 70–200 km are measured from Earth oc-
cultations of the Crab Nebula using X-ray astronomy satellites, Suzaku and Hit-
omi.

• The vertical density profile is in general agreement with a predicted profile from
the NRLMSISE-00 model, except for altitudes 70–110 km in which the density is
significantly smaller than the prediction by the NRL model.

• This density deficit could be due to either long-term radiative cooling of the up-
per atmosphere or imperfect modeling.
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Abstract

We present new measurements of the vertical density profile of the Earth’s atmosphere
at altitudes between 70 and 200 km, based on Earth occultations of the Crab Nebula ob-
served with the X-ray Imaging Spectrometer onboard Suzaku and the Hard X-ray Im-
ager onboard Hitomi. X-ray spectral variation due to the atmospheric absorption is used
to derive tangential column densities of the absorbing species, i.e., N and O including
atoms and molecules, along the line of sight. The tangential column densities are then
inverted to obtain the atmospheric number density. The data from 219 occultation scans
at low latitudes in both hemispheres from September 15, 2005 to March 26, 2016 are an-
alyzed to generate a single, highly-averaged (in both space and time) vertical density pro-
file. The density profile is in good agreement with the NRLMSISE-00 model, except for
the altitude range of 70–110 km, where the measured density is ∼50% smaller than the
model. Such a deviation is consistent with the recent measurement with the SABER aboard
the TIMED satellite (Cheng et al., 2020). Given that the NRLMSISE-00 model was con-
structed some time ago, the density decline could be due to the radiative cooling/contracting
of the upper atmosphere as a result of greenhouse warming in the troposphere. However,
we cannot rule out a possibility that the NRL model is simply imperfect in this region.
We also present future prospects for the upcoming Japan-US X-ray astronomy satellite,
XRISM, which will allow us to measure atmospheric composition with unprecedented
spectral resolution of ∆E ∼ 5 eV in 0.3–12 keV.

1 Introduction

The neutral density in the lower thermosphere, defined as an altitude range of 70–
200 km in this paper, is essential to estimate the global meteoric mass input and to de-
rive the momentum flux from tropospheric gravity waves. Also, the lower thermosphere
is thought to be sensitive to the climate change due to greenhouse gases; global cooling
would occur in the upper atmosphere in conjunction with global warming in the tropo-
sphere due to long-term increase of greenhouse gas concentrations, which was first pointed
out by Roble and Dickinson (1989). In contrast to the troposphere, where CO2 is op-
tically thick and traps IR radiation emitted by the Earth’s surface, in the stratosphere
and above, CO2 is optically thin and emits infrared radiation to space, causing cooling
in the middle and upper atmosphere. At a given pressure, this cooling must result in a
density increase. However, in the combination of the thermal shrinking, atmospheric den-
sity at a given height decreases in the middle and upper atmosphere.

Measurements of neutral densities in the lower thermosphere are still scarce. Neu-
tral densities are largely measured by means of in-situ instruments onboard sounding rock-
ets (80–100 km) and satellites (∼400 km), and thus the 100–300 km altitude is left as the
“thermospheric gap” (Oberheide et al., 2011). Although there are some early density mea-
surements based on occultations of the Sun in ultraviolet wavelengths (e.g., Norton &
Warnock, 1968; Hays et al., 1972; Ackerman et al., 1974; Meier et al., 1992; Aikin et al.,
1993; Lumpe et al., 2007), these studies mainly focused on molecular oxygen which is
a minor species in the lower thermosphere, leaving large uncertainties on the total mass
density. So far, there are very limited remote-sensing measurements to fill this gap (e.g.,
Meier et al., 2015).

Atmospheric occultations of X-ray astronomical sources offer a unique opportunity
to measure the neutral density in the lower thermosphere. This technique was first demon-
strated/published by Determan et al. (2007) who analyzed data during atmospheric oc-
cultations of the Crab Nebula and Cygnus X-2 using ARGOS/USA and RXTE/PCA.
We note that there are a few interesting X-ray measurements of atmospheric structures
at solar planets and their satellites. The atmospheric thickness of Titan (i.e., the Sat-
urn’s largest satellite) was measured from the transit of the Crab Nebula on 2003-01-
05 (Mori et al., 2004). Very recently, an atmospheric density profile at Mars was mea-
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sured by occultations of ∼10 keV X-rays from Scorpius X-1, using the SEP instrument
on the MAVEN spacecraft (Rahmati et al., 2020). The advantage of the X-ray occul-
tation method is that it is independent of the chemical, ionization, and excitation pro-
cesses, because X-rays are directly absorbed by inner K-shell and L-shell electrons, so
that X-rays see only atoms (within molecules). In other words, the X-ray occultation method
cannot distinguish between atoms and molecules, but allows us to measure the total neu-
tral density without the complexity involved with modeling absorption processes.

By analyzing occultations of the Crab Nebula taken in November 2005, Determan
et al. (2007) reported that 50% and 15% smaller densities at altitudes 100–120 km and
70–90 km, respectively, than the empirical density model, i.e., the Naval-Research-Laboratory’s-
Mass-Spectrometer-Incoherent-Scatter-Radar-Extended model (NRLMSISE-00: Picone
et al., 2002). This deviation is consistent with the density decrease due to greenhouse
cooling in the upper atmosphere, given that a few decades have past after the NRL model
was constructed. There are a number of theoretical studies of the upper-atmosphere cool-
ing induced by increasing greenhouse gases. Akmaev and Fomichev (1998) gave a nice
review on this topic. Although they argued that there still remain uncertainties in model
estimates especially in the mesosphere and lower thermosphere region, multiple studies
suggested that doubling CO2 experiment causes a density decrease of 50% at ∼100 km
(Roble & Dickinson, 1989; Rishbeth & Roble, 1992; Akmaev & Fomichev, 1998). At a
glance, this appears to be consistent with the observation by Determan et al. (2007). It
should be noted, however, that the increasing rate of CO2 in the atmosphere was mea-
sured to be ∼12% during 1960–1992 (e.g., Kane & de Paula, 1996), which should result
in a much lower rate in the density decrease than that observed. Therefore, the remark-
able density difference between the data (Determan et al., 2007) and the NRL model is
not yet convincing. In this context, it is important to cross-check the density structure
from other observations, to determine systematic errors in the retrieval, and to distin-
guish between greenhouse gases and solar effects by monitoring over times longer than
the solar cycle. Therefore, more observations are required to firmly conclude (or exclude)
this interpretation.

Here, we present a new density measurement in the lower thermosphere region, based
on occultations of the Crab Nebula observed with the Japanese X-ray astronomy satel-
lites Suzaku (Mitsuda et al., 2007) and Hitomi (Takahashi et al., 2018). The combina-
tion of the X-ray Imaging Spectrometer (XIS, sensitive in 0.2–12 keV: Koyama et al. (2007))
and the Hard X-ray Imager (HXI, sensitive in 5–80 keV: Nakazawa et al. (2018)) aboard
Suzaku and Hitomi, respectively, allows us to investigate the density structure in a range
of altitude between 70 km and 200 km. The paper is organized as follows. Section 2 de-
scribes occultation data of the Crab Nebula acquired with Suzaku and Hitomi. Section 3
describes analysis of the data, and shows the retrieved vertical density distribution. Sec-
tion 4 discusses the results, and provides future prospects. Section 5 gives conclusions
of this paper.

2 Observations

We analyze data during Earth occultations of the Crab Nebula, obtained with the
X-ray astronomy satellites Suzaku and Hitomi. The Crab Nebula and the Crab pulsar
were created in a supernova explosion observed in 1054 AD. Various X-ray satellites have
used the Crab Nebula as a standard candle to perform their calibrations in the past, be-
cause it is one of the brightest sources in the X-ray sky, and its intensity is nearly con-
stant and the spectral shape is a simple, featureless power-law.

Both Suzaku and Hitomi carried multiple instruments with different capabilities.
Of these, we focus on Suzaku/XIS and Hitomi/HXI, because they are complementary
in terms of the energy coverage: 0.2–12 keV for the XIS and 5–80 keV for the HXI, and
also they have time and spatial resolutions sufficient for our purpose.
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As illustrated in the upper panel of Figure 1, X-ray sources appear to set and rise
behind the Earth every orbit. This is because the two X-ray astronomy satellites are in
low Earth orbits, i.e., ∼560 km (Suzaku) and ∼575 km (Hitomi), and also the attitude
of the satellites is fixed during each observation. The lower panel of Figure 1 demonstrates
how the X-ray spectrum changes during an atmospheric occultation of the Crab Neb-
ula, where the spectra are the sums of all the setting data listed in Table 1. The data
in tangential altitudes 300–450 km are free from the atmospheric attenuation, where the
tangential altitude (h) is defined as the altitude of closest approach to the Earth surface
along the telescope line of sights (see also Figure 1). As the occultation progresses (de-
creasing tangential altitude), the X-ray intensity gradually decreases from the low-energy
band.

In principle, all X-ray sources can be our targets, but in practice, the targets are
very limited for the following reasons. First, the targets must be very bright, given that
typical occultations take only ∼30 s, which needs to be further divided into shorter time
bins to obtain a vertical density distribution. Second, the target’s spectrum and inten-
sity should be constant during the occultation to avoid confusion between intrinsic source
variations and atmospheric absorption. Third, the targets are preferably point sources
for simplicity of the analysis.

The source brightness also has an important impact on the time resolution of Suzaku/XIS.
The large angular velocity of the telescope, 0.06◦ s−1, for both satellites, as well as the
short transition period from unattenuation to full attenuation, ∼30 s, require time res-
olution of the order of second or less to resolve vertical atmospheric density structures.
The time resolution of the XIS in a normal mode is 8 s. This corresponds to ∼0.5◦ (∼0.06◦ s−1

×8 s)
or ∼20 km at the altitude of 100 km, and is too coarse for our diagnostic purposes. There-
fore, we decided to focus on data taken in a special mode, i.e., 0.1-s burst mode, in which
the exposure time is limited to 0.1 s for each 8-s sampling. This mode was prepared to
avoid pile-up effects occurring for super-bright sources (Yamada et al., 2012, for more
details). As for Hitomi/HXI, the time resolution does not matter, because the time-tagging
system for the HXI is event-by-event with excellent resolution of 25.6µs.

The Crab Nebula is an unrivaled source to meet all the criteria above. Also, it was
usually observed with the XIS in the 0.1-s burst mode, and thus is an ideal source for
the measurement of the atmospheric density profile. In addition, there are numerous Suzaku
data for the Crab Nebula, because it was one of the important calibration sources for
Suzaku, as is usual for X-ray astronomy satellites. This is another advantage with the
Crab Nebula. Although the Crab Nebula is not a point source, its angular size of R ∼1′

is smaller than the half-power diameter (HPD) of the X-ray telescopes on Suzaku (HPD∼2′:
Serlemitsos et al., 2007) and Hitomi (HPD∼1.7′: Matsumoto et al., 2018). Therefore,
it can be considered nearly a point source for both satellites. Note that the angular ex-
tent of 1′ from the satellite’s view point corresponds to a physical extent of 0.7 km at the
Earth’s limb. This can be regarded as the minimal altitude resolution of our study.

Table 1 summarizes basic information about all occultations of the Crab Nebula
analyzed in this paper. The second column gives the time at which the tangential alti-
tude becomes 100 km. We computed the tangential altitude, by making use of the python
package pyephem (available at https://pypi.org/project/pyephem/). In this proce-
dure, we need to know satellites’ positions. Although archival data for both Suzaku and
Hitomi contain information about their locations, we recalculated satellites’ positions by
ourselves to improve the accuracy, using the pyephem package into which we gave orbital
elements taken from NORAD two-line elements (TLEs: Data for both Suzaku and Hit-
omi are accessible by sending special requests at http://celestrak.com/NORAD/archives/request.php).
The third column indicates the Earth’s latitude and longitude at the tangent point. The
forth column lists the local time at the tangent point. We note that most observations
are taken in the latitude from −20◦ to +40◦. This is because the inclination angles of
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both satellites are 31◦, and the telescope is 22◦ inclined to the north, toward the Crab
Nebula.

Suzaku observed the Crab Nebula almost every spring and autumn for ten years.
Many of these observations captured Crab at off-axis positions for calibration purposes.
For simplicity of our analysis, we selected observations aiming at the Crab Nebula at on-
axis positions. However, we allow tolerance of ∼3′ offset in Decl. (north-south) direction.
This is because the Crab Nebula sets and rises roughly from the east-west (i.e., R.A.)
direction, and thus the north-south offset does not affect setting and rising times by much.
We also discarded short-exposure (duration less than 10 ks) observations for Suzaku to
improve the efficiency of our analysis.

3 Analysis and Results

When X-ray sources set behind (or rise from) the Earth’s atmosphere, we see rounded,
not sharp-edged, intensity profiles. Figures 2 and 3 exhibit all the occultation light curves
obtained with Suzaku/XIS and Hitomi/HXI, respectively, whose detailed information
is listed in Table 1. In each panel, there are multiple data from different instruments,
i.e., XIS0, XIS1, and XIS3 for Suzaku and HXI1 and HXI2 for Hitomi. The intensity is
normalized at the unattenuated level (I0) for each observation epoch. The gradual in-
crease/decrease of the X-ray intensity with the tangential altitude clearly shows the ef-
fect of atmospheric absorption.

We fit these profiles with a phenomenological model consisting of Gaussian plus
constant components as below:

I =

{

I0 − I0 exp(−
(x−xc)

2

2σ2 ) + b (x > xc)

b (otherwise),
(1)

where I and x are the X-ray intensity and the altitude, respectively. Taking I0, xc, σ,
and b as free parameters, we fit the individual profiles. The best-fit curves are shown in
black (rise) and red (set) in Figures 2 and 3. Based on the best-fit model, we calculated
an altitude at which I = 1/2 × I0. The half-flux altitudes are given in the upper-left
corner in each panel. The fact that Hitomi/HXI’s value is significantly smaller than those
for Suzaku/XIS is because Hitomi/HXI is more sensitive to the higher energy band than
Suzaku/XIS.

The two (set and rise) groups in each observation epoch are shifted with respect
to each other along the x-axis by 0.2–7.5 km. This variation seems random; no seasonal
trend, long-term trend, nor latitude dependence can be found. This implies that the shift
does not reflect real density differences, but is caused by instrumental/artificial effects
such as uncertainties on the satellite’s position or time assignments to the data. As for
the satellite’s position accuracy, orbit predictions from NORAD TLEs have been shown
to be accurate to within ±0.5 km (Xu & Xiong, 2018). Given the satellite’s orbital ve-
locity of 7.5 km s−1 expected for both Suzaku and Hitomi, a misplacement of the satel-
lite by 1 km could cause ±0.13 s shifts between the setting and rising timings. This cor-
responds to ∼0.5 km shifts for the tangential altitude, so that the satellite’s position er-
ror seems to be insufficient to fully explain the discrepancy between the set and rise pro-
files. As for the time assignments, the absolute timing accuracies for Hitomi/HXI and
Suzaku/XIS (in the normal mode with a 0.1-s burst option) were verified in orbit at ∼300µs
(Takahashi et al., 2018) and 24ms (Matsuta et al., 2010; Terada et al., 2008), respec-
tively. These are much less than the uncertainty due to the satellites’ locations. There-
fore, the instrumental effects examined above seem not to be major sources to shift the
set and rise profiles. Because we do not have any more good ideas for potential system-
atic uncertainties, we attribute the shift to the difference of the atmospheric densities,
and we measured density profiles for setting and rising, separately, in the following anal-
ysis.
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A standard method to retrieve density profiles from the occultation technique has
been based on the Beer’s law:

I(λ) = I0(λ) exp(−τ), (2)

where I0(λ) is the unattenuated source intensity, and τ is the optical depth at a specific
altitude (h). In the upper atmosphere in altitudes above 70 km, it is reasonable to as-
sume that τ = NN×σN+NO×σO, where NN and NO are the N and O column densi-
ties along the line of sight, σN and σO are photo-absorption cross sections for the two
elements. Because cross sections are known, it is possible to derive N and O column den-
sities. If we have data at several wavelengths, it would be possible to measure N and O
densities, separately. It should be noted, however, that as shown in Figure 4 the energy
dependence of cross sections of N and O are similar with each other, with a clear differ-
ence only around 0.5 keV, where K-shell edges of these elements are present (0.4 keV and
0.52 keV for N and O). Unfortunately, the data from both Suzaku/XIS and Hitomi/HXI
are not very sensitive to this energy band. The XIS is capable of detecting photons at
this energy band, but its energy resolution of 50–60 keV (FWHM) below 1 keV (cf., https://heasarc.gsfc.nasa.gov/docs/astroe/prop
is just half of the energy difference between N and O K edges. With this moderate en-
ergy resolution, a large amount of photons are required to resolve N and O K-edges. The
Crab Nebula’s X-ray emission around 0.5 keV is heavily (∼90%) absorbed by the inter-
stellar medium, so that relatively weak emission can reach the Earth. Therefore, it is dif-
ficult to measure N and O column densities separately from our data sets.

It is possible to measure the combined N+O column densities, if we assume their
relative abundances. However, there still remains a difficulty in deriving a density pro-
file from the Beer’s-law method. Given that the X-ray spectrum from the Crab Nebula
is a pure power-law continuum, we need to consider the energy dependence of cross sec-
tions, even if we partition the spectrum into several energy bins. This makes analysis
procedures more complicated than cases in which emission/absorption lines are analyzed.

In contrast, it is technically easy to take account of the energy dependence of the
photo-absorption cross sections, if we utilize absorption models equipped in the XSPEC
package (Arnaud, 1996), which is a standard spectral analysis software in the X-ray as-
tronomy. We thus decided to adopt the spectral-fitting method to derive atmospheric
densities. Due to the limited photon statistics and sampling rates in one occultation scan
especially for Suzaku, we accumulated all occultations in each Obs.ID, after filtering by
rising and setting. We further combine short-exposure observations, i.e., Obs.IDs 100023010,
100023020, and 101011060, to improve the effective sampling rate. To increase the pho-
ton statistics, we combine data from Suzaku’s XIS0, XIS1, and XIS3, and Hitomi’s HXI1
and HXI2. As a result, we obtained 10 observation epochs. For each epoch, we extracted
X-ray spectra by slicing altitudes of 90–210 km (Suzaku) and 70–100 km (Hitomi) into
10-km bins. Note that we oversampled the altitudes 105–145 km, where Suzaku/XIS is
the most sensitive to the atmospheric absorption and the exponent of the atmospheric
density structure changes.

For Suzaku/XIS, the brightest region of the Crab Nebula, namely the core region
around the Crab pulsar, is subject to the so-called pileup effects. For very bright sources,
more than one photons strike the same CCD pixel or one of its immediate neighbors dur-
ing the exposure. When two photons with energies of E1 and E2 fall onto the same pixel,
it is impossible to distinguish them from one with an energy of E1 + E2. This causes
a lower flux and a harder spectral shape than real. Therefore, we excluded a central cir-
cular region (a radius of 40′′) that include the Crab pulsar, where a pileup fraction was
reported to exceed 3% (Yamada et al., 2012).

Figures 5 and 6 exhibit example X-ray spectra from Suzaku/XIS (Obs.ID 106014010)
and Hitomi/HXI, respectively. Clearly, the X-ray intensity decreases from the low-energy
band as the line-of-sight goes deeper into the atmosphere. We first determined an unat-
tenuated spectrum, i.e., the source spectrum at the top of Earth’s atmosphere, for each
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observation epoch. To this end, we fitted X-ray spectra taken during high tangential al-
titudes of 300–450 km with a conventional emission model for the Crab Nebula. The model
consists of TBabs × power-law, where TBabs is the interstellar absorption model (Wilms
et al., 2000) in XSPEC (Arnaud, 1996). We checked that the best-fit parameters in all
epochs are in reasonable agreement with previous measurements (e.g., Hagino et al., 2018).

Then, we fitted lower-altitude spectra with the unattenuated spectral model which
is taken account of the atmospheric absorption. For the atmospheric absorption, we adopted
the vphabs with the photoionization cross-sections by Verner et al. (1996). As described
in Determan et al. (2007), the accuracy of absolute cross sections is known to be bet-
ter than 5%, which is smaller than a typical statistical uncertainty on each measurement
(cf., Tables 2 and 3). In this fitting procedure, all parameters related to the Crab Neb-
ula, i.e., the hydrogen column density for the interstellar absorption, the photon index
and normalization of the power-law component, are fixed at the best-fit values obtained
for each Obs.ID. In the atmospheric absorption component, we consider N, O, and Ar,
with other elements fixed to zero. It is difficult to separately measure N and O column
densities even with the spectral-fitting method due to the almost indistinguishable en-
ergy dependences of the N and O cross sections in the energy range of our interest. There-
fore, we fixed relative abundances of O/N and Ar/N to those expected in the NRLMSISE-
00 model at each altitude of interest (Picone et al., 2002). Ar is a relatively minor el-
ement compared with N and O; the density of Ar is expected to be much smaller (less
than 1%) than the N+O density in the lower thermosphere according to the NRLMSISE-
00 model. Thus, Ar is not included in the following discussion, although we considered
a little contribution from Ar in our spectral analyses.

In the spectral fitting, the setting and rising data were analyzed individually, given
that their half-flux altitudes are often different from one another as shown in Figures 2
and 3. Example fitting results are shown in Figures 5 and 6 for Suzaku/XIS and Hit-
omi/HXI, respectively. The data in all altitude layers are well fitted with this model. Ta-
bles 2 and 3 show example N+O column densities measured with Suzaku/XIS and Hit-
omi/HXI, respectively. In general, the column densities in different epochs are in good
agreement. We also note that results from Suzaku and Hitomi agree with each other in
the altitude 90–100 km.

It is well known that the O/N ratio, at least at the higher altitudes of our inter-
est, changes with season, latitude, geomagnetic activity and so forth (e.g., Meier et al.,
2015). Therefore, we took the N/O ratio from the NRLMSISE-00 model at the same date
as the observation. There are also diurnal variations of the O/N ratio. According to the
NRL model, the N/O ratio could vary in a day by 3%, 15%, and 30% at altitudes 100 km,
150 km, and 200 km, respectively. To check this effect, we ran the spectral fitting with
different relative abundances expected at different times. As a result, the N+O column
densities could change by at most 2%, 10%, and 20% at altitudes 100 km, 150 km, and
200 km, respectively. These are less than the statistical uncertainties at the relevant al-
titudes.

Figure 7 shows all the measured N+O column densities as a function of time. Each
panel exhibits results for a different atmospheric layer. No clear long-term/seasonal vari-
ations can be found at all layers. To quantitatively estimate the long-term trend, we fit-
ted the data with a linear function. The best-fit time-variation rates are summarized in
Table 4, from which we can conclude that the column densities stay constant within 10%
between 2005 and 2015.

In this context, we computed an average of the ten Suzaku observation epochs. We
also take standard deviations of the ten Suzaku data sets as our conservative measure-
ment errors; the standard deviations are generally a few times larger than the statisti-
cal uncertainties on each data point for a single Obs.ID. The results are listed in the right-
end column of Table 2.
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Figure 8 compares our measured N+O column densities with those expected by the
NRLMSISE-00 model at three different dates: 1) 2009-03-14 for the solar minimum, 2)
2012-03-14 for the solar maximum, when Obs.ID 106014010 data were taken, 3) 2016-
03-26 for the intermediate phase, when Obs.ID 100044010 data were taken. The model
curves are calculated at a location (latitude, longitude) = (0◦, 0◦) and times from 0:00
to 23:00 (UT) by a step of an hour to take account of the local time dependence. In fact,
the models at three epochs agree with each other below 150 km altitude. This is reason-
able because the region below 150 km altitude is almost independent on the solar cycle
(e.g., Meier et al., 2015). Our measurements are in general agreement with the model.

We then invert the tangential column number density to the local number density
at the tangent point, using the technique developed by Roble and Hays (1972). Specif-
ically, we followed their technique to stabilize the small random errors in the data, by
using the exponential form to approximate the atmospheric column density distribution.
In this procedure, we first need to obtain the normalization and decay constant of the
exponential function at each data point. To this end, the data point of our interest and
its surrounding two data points in both sides are fitted with an exponential function. Then,
the best-fit parameters for the exponential function are used to derive the local density,
by using Equation (9) in Roble and Hays (1972). The errors are propagated according
to the equation in the appendix of Roble and Hays (1972). As a result, we obtain a ver-
tical density distribution in Figure 9. We also plot a prediction by NRLMSISE-00 on 2016-
03-26 when the Hitomi/HXI data were obtained. As expected from Figure 8, the den-
sity profile is in general agreement with the NRLMSISE-00 model. However, we can see
a significant density deficit at altitudes around 100 km, which is magnified in the inset
of Figure 9.

4 Discussion

We have measured the atmospheric N+O density in the altitude range of 70–200 km
and the latitude of −20◦–40◦ during a period from 2005 to 2016, with the X-ray astron-
omy satellites Suzaku and Hitomi. We analyzed data from 219 occultation scans in to-
tal. To improve the photon statistics and effective sampling rates for Suzaku, we accu-
mulated all occultations in each Obs.ID or a few Obs.IDs. Consequently, we derived 10
observation sequences for Suzaku. Because we do not see systematic long-term trend for
N+O column densities, we constructed a single, averaged vertical density profile as shown
in Figure 9. For comparison, Figure 9 also shows recent measurements that overlap the
altitude range of our interest (Determan et al., 2007; Meier et al., 2015; Thiemann et al.,
2017; Cheng et al., 2020). We here focus on literature that lists N and O densities, ex-
cluding measurements of the O2 density (e.g., Lumpe et al., 2007), as O2 is a minor species
in the thermosphere. When plotting the literature data in Figure 9, we converted the
data (either N2+O or total mass density) into the total number densities of N and O,
assuming the altitude-dependent atmospheric composition in the NRLMSISE-00 model.

Our data are consistent with results from TIMED/SABER’s infrared (IR) obser-
vations at 72 km and 100 km (Cheng et al., 2020), as well as RXTE/PCA’s X-ray occul-
tation observations at altitudes 73–93 km (Determan et al., 2007). Our data are marginally
larger than the RXTE/PCA measurements in altitudes 100–120 km. It should be noted,
however, that the measurement by Determan et al. (2007) itself seems to be subject to
some systematic uncertainties, because their analysis, based on lower-energy emission
(3–19 keV and 2–12 keV for PCA and USA, respectively) and a model with a single-density
scalar at all altitudes, resulted in the density in altitudes 70–150 km to be ∼1.7 times
larger than that from the 3.0–5.4 keV passband and SABER (which appears to be adopted
as their final result). Their higher-density result is fully consistent with our measurement,
and in fact better connects to the density in the lower altitude (Determan et al., 2007).
Therefore, it is unclear whether our results are truely different from those by Determan
et al. (2007) at altitudes 100–120 km. Above 120 km, our data generally agree with two
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previous measurements by TIMED/GUVI (Meier et al., 2015, data taken on day 77 in
2002) and PROBA2/LYRA (Thiemann et al., 2017). It should be noted that the LYRA
data below 200 km could be overestimated by 5–7% (Thiemann et al., 2017). If this sys-
tematic bias is corrected, then the LYRA data will be in even better agreement with ours.
However, the GUVI data taken on day 194 in 2006 (Meier et al., 2015) show a signifi-
cantly lower density than ours. This might be partly due to the latitude dependence on
the atomic O density, which decreases more rapidly with increasing height at higher lat-
itudes. We conclude that our data are in reasonable agreement with earlier density mea-
surements.

To compare our measurement and the model more quantitatively, we plot in Fig-
ure 10 the data with a time-averaged density model on 2016-03-26, when Hitomi/HXI
data were taken. The right-hand panel shows the data-to-model ratio as a function of
altitude. As mentioned in the previous section, the measured density profile is in good
agreement with the NRLMSISE-00 model, except for the altitude range of 70–110 km,
where the data are significantly smaller than the model with a maximum deficit of −50%
at altitude of ∼95 km.

Both theoretical models and observations have suggested that the increasing green-
house gas (e.g., CO2 and CH4) concentration in the troposphere causes the upper at-
mosphere to cool and contract, resulting in a corresponding density decrease at a given
height (e.g., Roble & Dickinson, 1989; Akmaev & Fomichev, 1998; Keating et al., 2000).
In the troposphere, CO2 is optically thick and traps IR radiation emitted by the Earth’s
surface. In the stratosphere and above, CO2 is optically thin and emits infrared radi-
ation to space, which cools and contracts these regions. Emmert (2015) summarized long-
term density trends from both modeling studies and observations. Although there is a
significant scatter among the data, the trend is all negative (decreasing density) in the
thermosphere. It is interesting to note that Akmaev et al. (2006) predicted that a layer
near 110 km shows a maximum density reduction of −6.5% per decade, which was later
quantitatively confirmed by radar observations of meteor trails (Stober et al., 2014). The
ratio between our data and the NRLMSISE-00 model in Figure 10 shows a maximum
of the density decline at ∼100 km altitude, which is qualitatively consistent with the trend
found by Akmaev et al. (2006). Quantitatively, if the data used to construct the NRL
model was taken half century ago, it is reasonable to expect a density reduction of −33%
between our data and the NLR model. This is close to the discrepancy between our mea-
surement and the model. However, we cannot yet rule out a possibility that the NRL
model overestimated the density at altitudes around 100 km. In fact, a new model of MSIS,
i.e., NRLMSIS 2.0 (Emmert et al., 2020), was released during the preparation of this pa-
per. By using the python package pymsis (available at https://pypi.org/project/pymsis/),
we calculated updated density profiles expected on 2016-03-26, and found that the new
model gives 20–30% lower densities at altitudes 70–110 km. Therefore, the new model
shortens the gap between the data and the model. Still, our data are slightly lower than
the new model at the altitude of ∼100 km.

No significant long-term density variation was found within our data. Also, there
is no clear density difference compared with past observations. One caution in discussing
density variations would be the fact that the N+O column densities (or half-flux alti-
tudes) show statistically significant differences from observation to observation, as well
as between settings and risings. As far as we investigated, there seem no instrumental
systematic uncertainties to explain this variation. However, there may be missing errors.
Therefore, in the future work, it is important to carefully reexamine possible systematic
uncertainties to discuss temporal variations of the atmospheric density.

Occultations of X-ray astronomical sources have been detected with other X-ray
astronomy satellites in low Earth orbits, including terminated ones such as Ginga (Makino
& ASTRO-C Team, 1987) and ASCA (Tanaka et al., 1994), as well as in-operation ones
such as NuSTAR (Harrison et al., 2013) and NICER (Gendreau et al., 2016). Analyses
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of the data from these satellites will allow us to investigate a long-term trend of the at-
mospheric density. Specifically, NuSTAR is suitable to diagnose the density deficit re-
gion at the altitude ∼100 km, thanks to its good sensitivity in a wide energy range of
3–80 keV. NICER has an unprecedented throughput that will allow us to obtain the den-
sity profile every single occultation. Also, the X-Ray Imaging and Spectroscopy Mission
(XRISM: Tashiro et al., 2018), the Japan-US X-ray astronomy mission scheduled to be
launched in 2022, will carry an X-ray micro-calorimeter (Resolve: Ishisaki et al., 2018)
that will allow for high-resolution spectroscopy of a resolution of ∆E ∼5 keV with lit-
tle energy dependence in 0.2–12 keV. To demonstrate its capability, we simulate XRISM/Resolve
spectra expected during the occultation of the Crab Nebula, as shown in Figure 11 left
and right for altitude ranges 157–170 km and 97–102 km, respectively. Absorption edges
of N at 0.41 keV and O at 0.54 keV can be seen at higher tangential altitudes, and that
of Ar at 3.2 keV can be seen at lower tangential altitudes. The depths of these edges will
tell us the composition of the atmosphere. These simulations are performed for an ex-
posure time of 500 s. This exposure time will be accumulated by ∼100 and ∼300 occul-
tations for altitude ranges 157–170 km and 97–102 km, respectively. Therefore, it will take
a few years for us to take the spectrum of this quality from calibration data alone, but
it is certainly doable with XRISM/Resolve.

Finally, we point out that measuring atmospheric densities with X-ray astronomy
satellites has just started, and thus more experiences are essential to obtain deeper in-
sights into unresolved issues such as the potential systematic uncertainties on the tan-
gential altitude.

5 Conclusions

By analyzing data during atmospheric occultations of the Crab Nebula, obtained
with two X-ray astronomy satellites Suzaku and Hitomi, we measured a vertical density
profile of the Earth’s atmosphere in altitudes of 70–200 km. We provided one density pro-
file, by averaging 219 occultations taken during 2005–2016. The vertical density profile
is generally consistent with a prediction by the empirical NRLMSISE-00 model. Our mea-
surement is also generally consistent with several earlier measurements (Determan et al.,
2007; Meier et al., 2015; Thiemann et al., 2017; Cheng et al., 2020). We found a signif-
icant density deficit at the altitude range of 70–110 km. The strong density deficit at ∼100 km
altitude is qualitatively consistent with a model prediction and observation that claims
long-term cooling in the upper atmosphere due to IR radiation from increasing green-
house gases (Akmaev et al., 2006; Stober et al., 2014). It is important to monitor the
atmospheric density to clarify if the possible long-term trend is true or not. This work
can be done by analyses of data acquired with past, in-operation, and future X-ray as-
tronomy satellites. In addition, with the upcoming XRISM, we will be able to measure
the composition of the upper atmosphere from K-shell absorption edges of N, O, and Ar.
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Table 1: Summary of Crab occultations analyzed in this paper.

Instrument UT at h = 100 kma Tangent pointb Local timec Occultation type (#)
(Obs.ID) (HH:MM:SS) Lat, Long (◦) (HH:MM:SS)

Suzaku/XIS
(100023010)

2005-09-15, 14:11:32 20.06, 138.19 23:24:24 Rising (1)
2005-09-15, 15:47:28 20.23, 114.02 23:23:23 Rising (2)
2005-09-15, 17:23:24 20.39, 89.85 23:22:22 Rising (3)
2005-09-15, 18:22:36 -20.45, 255.62 11:25:25 Setting (4)
2005-09-15, 18:59:21 20.59, 65.74 23:22:22 Rising (5)

Suzaku/XIS
(100023020)

2005-09-15, 19:58:33 -20.55, 231.59 11:24:24 Setting (6)
2005-09-15, 20:35:17 20.76, 41.57 23:21:21 Rising (7)
2005-09-15, 21:34:29 -20.63, 207.50 11:24:24 Setting (8)
2005-09-15, 22:11:13 20.93, 17.41 23:20:20 Rising (9)
2005-09-15, 23:10:25 -20.71, 183.41 11:24:24 Setting (10)
2005-09-15, 23:47:09 21.09, 353.25 23:20:20 Rising (11)
2005-09-16, 00:46:21 -20.79, 159.33 11:23:23 Setting (12)
2005-09-16, 01:23:06 21.29, 329.14 23:19:19 Rising (13)

Suzaku/XIS
(101011060)

2006-09-18, 21:34:10 -3.99, 35.19 23:54:54 Rising (14)
2006-09-18, 22:38:13 39.57, 220.10 13:18:18 Setting (15)

Suzaku/XIS
(102019010)

2007-03-20, 11:03:59 26.72, 202.33 00:33:33 Setting (16)
2007-03-20, 18:04:12 -22.64, 273.10 12:16:16 Rising (17)
2007-03-20, 19:03:27 25.99, 81.59 00:29:29 Setting (18)
2007-03-20, 19:40:06 -22.59, 249.06 12:16:16 Rising (19)
2007-03-20, 20:39:21 25.83, 57.46 00:29:29 Setting (20)
2007-03-20, 21:16:00 -22.54, 225.01 12:16:16 Rising (21)
2007-03-20, 22:15:15 25.67, 33.33 00:28:28 Setting (22)
2007-03-20, 22:51:54 -22.50, 200.95 12:15:15 Rising (23)
2007-03-20, 23:51:09 25.51, 9.20 00:27:27 Setting (24)
2007-03-21, 00:27:48 -22.45, 176.90 12:15:15 Rising (25)
2007-03-21, 01:27:02 25.38, -14.98 00:27:27 Setting (26)
2007-03-21, 02:03:42 -22.40, 152.84 12:15:15 Rising (27)
2007-03-21, 03:02:56 25.22, 320.88 00:26:26 Setting (28)
2007-03-21, 03:39:36 -22.35, 128.79 12:14:14 Rising (29)
2007-03-21, 04:38:50 25.06, 296.75 00:25:25 Setting (30)
2007-03-21, 05:15:30 -22.30, 104.73 12:14:14 Rising (31)
2007-03-21, 06:14:44 24.90, 272.62 0:25:25 Setting (32)
2007-03-21, 06:51:24 -22.25, 80.67 12:14:14 Rising (33)
2007-03-21, 07:50:37 24.76, 248.44 00:24:24 Setting (34)
2007-03-21, 08:27:18 -22.20, 56.62 12:13:13 Rising (35)
2007-03-21, 09:26:31 24.60, 224.31 00:23:23 Setting (36)
2007-03-21, 10:03:12 -22.14, 32.56 12:13:13 Rising (37)

Suzaku/XIS
(103007010)

2008-08-27, 08:53:46 8.65, 242.05 01:01:01 Rising (38)
2008-08-27, 10:29:39 8.85, 217.91 01:01:01 Rising (39)
2008-08-27, 12:05:33 9.07, 193.82 01:00:00 Rising (40)
2008-08-27, 13:04:46 -13.25, -4.33 12:47:47 Setting (41)
2008-08-27, 13:41:26 9.27, 169.68 01:00:00 Rising (42)
2008-08-27, 15:17:19 9.46, 145.53 00:59:59 Rising (43)
2008-08-27, 16:53:12 9.66, 121.39 00:58:58 Rising (44)
2008-08-27, 18:29:06 9.88, 97.30 00:58:58 Rising (45)
2008-08-27, 19:28:19 -13.86, 259.36 12:45:45 Setting (46)
2008-08-27, 20:04:59 10.08, 73.16 00:57:57 Rising (47)
2008-08-27, 21:04:12 -14.00, 235.27 12:45:45 Setting (48)

aUniversal time when the line-of-sight tangential altitude (h) becomes 100 km.
bLatitude and longitude of the tangent point at h = 100 km.
cLocal time of the tangent point at h = 100 km.
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Instrument UT at h = 100 kma Tangent pointb Local timec Occultation type (#)
(Obs.ID) (HH:MM:SS) Lat, Long (◦) (HH:MM:SS)

2008-08-27, 21:40:52 10.27, 49.02 00:56:56 Rising (49)
2008-08-27, 22:40:05 -14.15, 211.18 12:44:44 Setting (50)
2008-08-28, 00:15:58 -14.30, 187.09 12:44:44 Setting (51)
2008-08-28, 00:52:38 10.66, 0.74 00:55:55 Rising (52)
2008-08-28, 01:51:51 -14.44, 163.01 12:43:43 Setting (53)
2008-08-28, 02:28:32 10.89, 336.66 00:55:55 Rising (54)
2008-08-28, 03:27:44 -14.58, 138.93 12:43:43 Setting (55)
2008-08-28, 04:04:25 11.09, 312.52 00:54:54 Rising (56)
2008-08-28, 05:03:37 -14.72, 114.84 12:42:42 Setting (57)

Suzaku/XIS
(105002010)

2010-04-05, 14:05:54 -6.79, 124.97 22:25:25 Setting (58)
2010-04-05, 15:41:49 -6.51, 101.04 22:25:25 Setting (59)
2010-04-05, 17:17:43 -6.27, 77.05 22:25:25 Setting (60)
2010-04-05, 18:53:38 -5.99, 53.11 22:26:26 Setting (61)
2010-04-05, 19:25:54 39.68, 204.51 09:03:03 Rising (62)
2010-04-05, 20:29:33 -5.71, 29.17 22:26:26 Setting (63)
2010-04-05, 21:01:46 39.67, 180.51 09:03:03 Rising (64)
2010-04-05, 22:05:28 -5.43, 5.23 22:26:26 Setting (65)
2010-04-05, 22:37:38 39.65, 156.52 09:03:03 Rising (66)
2010-04-06, 00:13:29 39.64, 132.46 09:03:03 Rising (67)
2010-04-06, 01:49:21 39.62, 108.47 09:03:03 Rising (68)
2010-04-06, 03:25:13 39.60, 84.48 09:03:03 Rising (69)
2010-04-06, 05:01:05 39.58, 60.49 09:03:03 Rising (70)
2010-04-06, 06:05:02 -4.04, 245.48 22:26:26 Setting (71)
2010-04-06, 06:36:57 39.55, 36.50 09:02:02 Rising (72)
2010-04-06, 07:40:57 -3.75, 221.53 22:27:27 Setting (73)
2010-04-06, 08:12:48 39.53, 12.44 09:02:02 Rising (74)
2010-04-06, 09:16:52 -3.46, 197.58 22:27:27 Setting (75)
2010-04-06, 09:48:40 39.50, 348.45 09:02:02 Rising (76)
2010-04-06, 10:52:47 -3.18, 173.63 22:27:27 Setting (77)
2010-04-06, 11:24:32 39.47, 324.45 09:02:02 Rising (78)

Suzaku/XIS
(106012010)

2011-09-01, 06:39:30 37.96, 252.11 23:27:27 Rising (79)
2011-09-01, 07:45:03 5.60, 78.42 12:58:58 Setting (80)
2011-09-01, 08:15:20 37.87, 228.21 23:28:28 Rising (81)
2011-09-01, 09:20:56 5.95, 54.53 12:59:59 Setting (82)
2011-09-01, 09:51:09 37.78, 204.24 23:28:28 Rising (83)
2011-09-01, 10:56:49 6.30, 30.64 12:59:59 Setting (84)
2011-09-01, 11:26:59 37.69, 180.34 23:28:28 Rising (85)
2011-09-01, 12:32:42 6.65, 6.76 12:59:59 Setting (86)
2011-09-01, 13:02:49 37.59, 156.43 23:28:28 Rising(87)
2011-09-01, 14:38:39 37.49, 132.53 23:28:28 Rising (88)
2011-09-01, 16:14:28 37.40, 108.56 23:28:28 Rising (89)
2011-09-01, 17:50:18 37.29, 84.66 23:28:28 Rising (90)
2011-09-01, 18:56:13 8.04, 271.18 13:00:00 Setting (91)
2011-09-01, 19:26:08 37.18, 60.76 23:29:29 Rising (92)
2011-09-01, 20:32:07 8.42, 247.35 13:01:01 Setting (93)
2011-09-01, 21:01:58 37.07, 36.85 23:29:29 Rising (94)
2011-09-01, 22:08:00 8.77, 223.46 13:01:01 Setting (95)
2011-09-01, 22:37:48 36.96, 372.94 23:29:29 Rising (96)
2011-09-01, 23:43:53 9.12, 199.57 13:02:02 Setting (97)
2011-09-02, 00:13:38 36.84, 349.02 23:29:29 Rising (98)

aUniversal time when the line-of-sight tangential altitude (h) becomes 100 km.
bLatitude and longitude of the tangent point at h = 100 km.
cLocal time of the tangent point at h = 100 km.
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Instrument UT at h = 100 kma Tangent pointb Local timec Occultation type (#)
(Obs.ID) (HH:MM:SS) Lat, Long (◦) (HH:MM:SS)

2011-09-02, 01:19:46 9.47, 175.68 13:02:02 Setting (99)
2011-09-02, 01:49:28 36.73, 325.11 23:29:29 Rising (100)
2011-09-02, 02:55:39 9.83, 151.80 13:02:02 Setting (101)
2011-09-02, 03:25:18 36.61, 301.20 23:30:30 Rising (102)
2011-09-02, 04:31:32 10.18, 127.91 13:03:03 Setting (103)
2011-09-02, 05:01:08 36.49, 277.29 23:30:30 Rising (104)
2011-09-02, 06:07:25 10.53, 104.03 13:03:03 Setting (105)

Suzaku/XIS
(106014010)

2012-03-14, 01:27:52 20.18, -12.20 00:39:39 Setting (106)
2012-03-14, 02:04:37 -20.13, 158.62 12:39:39 Rising (107)
2012-03-14, 03:03:35 20.00, 323.71 00:38:38 Setting (108)
2012-03-14, 03:40:20 -20.04, 134.60 12:38:38 Rising (109)
2012-03-14, 04:39:18 19.83, 299.61 00:37:37 Setting (110)
2012-03-14, 05:16:03 -19.95, 110.57 12:38:38 Rising (111)
2012-03-14, 06:15:01 19.65, 275.52 00:37:37 Setting (112)
2012-03-14, 06:51:46 -19.86, 86.55 12:37:37 Rising (113)
2012-03-14, 07:50:44 19.47, 251.43 00:36:36 Setting (114)
2012-03-14, 08:27:29 -19.76, 62.53 12:37:37 Rising (115)
2012-03-14, 09:26:27 19.29, 227.33 00:35:35 Setting (116)
2012-03-14, 11:02:10 19.11, 203.23 00:35:35 Setting (117)
2012-03-14, 12:37:53 18.93, 179.13 00:34:34 Setting (118)
2012-03-14, 14:13:36 18.75, 155.03 00:33:33 Setting (119)
2012-03-14, 15:49:19 18.57, 130.93 00:33:33 Setting (120)
2012-03-14, 17:25:02 18.38, 106.84 00:32:32 Setting (121)
2012-03-14, 18:01:47 -19.18, 278.38 12:35:35 Rising (122)
2012-03-14, 19:00:45 18.20, 82.74 00:31:31 Setting (123)
2012-03-14, 19:37:30 -19.07, 254.36 12:34:34 Rising (124)
2012-03-14, 20:36:28 18.02, 58.65 00:31:31 Setting (125)
2012-03-14, 21:13:13 -18.96, 230.33 12:34:34 Rising (126)
2012-03-14, 22:12:11 17.83, 34.55 00:30:30 Setting (127)
2012-03-14, 22:48:56 -18.86, 206.30 12:34:34 Rising (128)
2012-03-14, 23:47:54 17.65, 10.45 00:29:29 Setting (129)
2012-03-15, 00:24:39 -18.76, 182.27 12:33:33 Rising (130)
2012-03-15, 01:23:37 17.47, -13.65 00:29:29 Setting (131)
2012-03-15, 02:00:22 -18.65, 158.24 12:33:33 Rising (132)
2012-03-15, 02:59:20 17.29, 322.25 00:28:28 Setting (133)

Suzaku/XIS
(107011010)

2012-09-26, 06:04:30 -15.67, 70.73 10:47:47 Setting (134)
2012-09-26, 06:38:47 39.03, 226.21 21:43:43 Rising (135)
2012-09-26, 07:40:11 -15.51, 46.77 10:47:47 Setting (136)
2012-09-26, 08:14:26 39.06, 202.16 21:43:43 Rising (137)
2012-09-26, 09:50:06 39.11, 178.19 21:42:42 Rising (138)
2012-09-26, 11:25:45 39.14, 154.14 21:42:42 Rising (139)
2012-09-26, 13:01:24 39.18, 130.10 21:41:41 Rising (140)
2012-09-26, 14:37:04 39.22, 106.13 21:41:41 Rising (141)
2012-09-26, 16:12:43 39.25, 82.09 21:41:41 Rising (142)
2012-09-26, 17:14:21 -14.44, 263.18 10:47:47 Setting (143)
2012-09-26, 17:48:22 39.28, 58.05 21:40:40 Rising (144)
2012-09-26, 18:50:02 -14.27, 239.22 10:46:46 Setting (145)
2012-09-26, 19:24:02 39.32, 34.08 21:40:40 Rising (146)
2012-09-26, 20:25:44 -14.08, 215.30 10:46:46 Setting (147)
2012-09-26, 20:59:41 39.34, 370.05 21:39:39 Rising (148)

aUniversal time when the line-of-sight tangential altitude (h) becomes 100 km.
bLatitude and longitude of the tangent point at h = 100 km.
cLocal time of the tangent point at h = 100 km.
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Instrument UT at h = 100 kma Tangent pointb Local timec Occultation type (#)
(Obs.ID) (HH:MM:SS) Lat, Long (◦) (HH:MM:SS)

2012-09-26, 22:01:26 -13.88, 191.38 10:46:46 Setting (149)
2012-09-26, 22:35:21 39.37, 346.07 21:39:39 Rising (150)
2012-09-26, 23:37:08 -13.69, 167.46 10:46:46 Setting (151)
2012-09-27, 00:11:00 39.40, 322.03 21:39:39 Rising (152)
2012-09-27, 01:12:50 -13.49, 143.54 10:46:46 Setting (153)
2012-09-27, 01:46:39 39.43, 297.99 21:38:38 Rising (154)
2012-09-27, 02:48:32 -13.29, 119.62 10:47:47 Setting (155)
2012-09-27, 03:22:19 39.46, 274.02 21:38:38 Rising (156)
2012-09-27, 04:24:13 -13.12, 95.64 10:46:46 Setting (157)
2012-09-27, 04:57:58 39.48, 249.98 21:37:37 Rising (158)

Suzaku/XIS
(107012010)

2013-02-27, 00:32:33 -11.13, 3.30 00:45:45 Setting (159)
2013-02-27, 01:09:15 6.83, 178.21 13:02:02 Rising (160)
2013-02-27, 02:44:52 7.04, 154.16 13:01:01 Rising (161)
2013-02-27, 04:20:29 7.24, 130.10 13:00:00 Rising (162)
2013-02-27, 05:56:06 7.45, 106.05 13:00:00 Rising (163)
2013-02-27, 07:31:43 7.66, 81.99 12:59:59 Rising (164)
2013-02-27, 08:30:37 -11.94, 243.17 00:43:43 Setting (165)
2013-02-27, 09:07:20 7.87, 57.93 12:59:59 Rising (166)
2013-02-27, 10:06:14 -12.11, 219.16 00:42:42 Setting (167)
2013-02-27, 11:41:51 -12.28, 195.15 00:42:42 Setting (168)
2013-02-27, 13:17:28 -12.44, 171.15 00:42:42 Setting (169)
2013-02-27, 13:54:11 8.49, 345.78 12:57:57 Rising (170)
2013-02-27, 14:53:05 -12.60, 147.15 00:41:41 Setting (171)
2013-02-27, 15:29:48 8.70, 321.73 12:56:56 Rising (172)
2013-02-27, 16:28:41 -12.74, 123.08 00:41:41 Setting (173)
2013-02-27, 17:05:25 8.91, 297.68 12:56:56 Rising (174)
2013-02-27, 18:04:18 -12.90, 99.08 00:40:40 Setting (175)
2013-02-27, 18:41:02 9.12, 273.62 12:55:55 Rising (176)
2013-02-27, 19:39:55 -13.06, 75.07 00:40:40 Setting (177)
2013-02-27, 20:16:38 9.29, 249.51 12:54:54 Rising (178)
2013-02-27, 21:15:32 -13.22, 51.07 00:39:39 Setting (179)
2013-02-27, 21:52:15 9.50, 225.46 12:54:54 Rising (180)

Suzaku/XIS
(408008010)

2013-09-16, 17:04:57 -9.29, 106.58 00:11:11 Rising (181)
2013-09-16, 18:07:29 39.72, 289.45 13:25:25 Setting (182)
2013-09-16, 18:40:32 -9.52, 82.69 00:11:11 Rising (183)
2013-09-16, 19:43:01 39.72, 265.48 13:24:24 Setting (184)
2013-09-16, 20:16:07 -9.76, 58.81 00:11:11 Rising (185)
2013-09-16, 21:18:33 39.71, 241.51 13:24:24 Setting (186)
2013-09-16, 21:51:42 -9.99, 34.92 00:11:11 Rising (187)
2013-09-16, 22:54:05 39.70, 217.54 13:24:24 Setting (188)
2013-09-17, 00:29:38 39.69, 193.64 13:24:24 Setting (189)
2013-09-17, 02:05:10 39.68, 169.67 13:23:23 Setting (190)
2013-09-17, 03:40:42 39.67, 145.69 13:23:23 Setting (191)

Suzaku/XIS
(108011010)

2013-09-30, 10:43:08 -19.36, 191.56 23:29:29 Rising (192)
2013-09-30, 11:41:53 18.76, -4.22 11:25:25 Setting (193)
2013-09-30, 12:18:40 -19.26, 167.58 23:28:28 Rising (194)
2013-09-30, 13:17:25 18.58, 331.72 11:24:24 Setting (195)
2013-09-30, 13:54:12 -19.16, 143.59 23:28:28 Rising (196)
2013-09-30, 14:52:57 18.40, 307.66 11:23:23 Setting (197)
2013-09-30, 15:29:44 -19.06, 119.60 23:28:28 Rising (198)

aUniversal time when the line-of-sight tangential altitude (h) becomes 100 km.
bLatitude and longitude of the tangent point at h = 100 km.
cLocal time of the tangent point at h = 100 km.
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Instrument UT at h = 100 kma Tangent pointb Local timec Occultation type (#)
(Obs.ID) (HH:MM:SS) Lat, Long (◦) (HH:MM:SS)

2013-09-30, 16:28:29 18.22, 283.61 11:22:22 Setting (199)
2013-09-30, 17:05:17 -18.94, 95.67 23:27:27 Rising (200)
2013-09-30, 18:04:01 18.04, 259.55 11:22:22 Setting (201)
2013-09-30, 18:40:49 -18.84, 71.69 23:27:27 Rising (202)
2013-09-30, 19:39:33 17.86, 235.50 11:21:21 Setting (203)
2013-09-30, 21:15:06 17.65, 211.48 11:21:21 Setting (204)
2013-09-30, 22:50:38 17.47, 187.42 11:20:20 Setting (205)
2013-10-01, 00:26:10 17.29, 163.36 11:19:19 Setting (206)
2013-10-01, 02:01:42 17.11, 139.30 11:18:18 Setting (207)
2013-10-01, 03:37:14 16.93, 115.25 11:18:18 Setting (208)
2013-10-01, 04:14:02 -18.18, 287.81 23:25:25 Rising (209)
2013-10-01, 05:12:47 16.72, 91.24 11:17:17 Setting (210)
2013-10-01, 05:49:34 -18.06, 263.83 23:24:24 Rising (211)
2013-10-01, 06:48:19 16.53, 67.18 11:17:17 Setting (212)
2013-10-01, 07:25:06 -17.95, 239.83 23:24:24 Rising (213)
2013-10-01, 08:23:51 16.35, 43.12 11:16:16 Setting (214)
2013-10-01, 09:00:38 -17.84, 215.84 23:23:23 Rising (215)
2013-10-01, 09:59:23 16.17, 19.06 11:15:15 Setting (216)

Hitomi/HXI
(100044010)

2016-03-25, 14:52:42 32.73, 144.27 00:29:29 Setting (217)
2016-03-25, 16:28:43 32.63, 120.08 00:29:29 Setting (218)
2016-03-25, 18:02:24 35.27, 128.67 02:37:37 Rising (219)

aUniversal time when the line-of-sight tangential altitude (h) becomes 100 km.
bLatitude and longitude of the tangent point at h = 100 km.
cLocal time of the tangent point at h = 100 km.
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Table 2. Combined N and O column number densities measured with Suzaku/XIS

Altitude (km) Column density (1022 cm−2)
106012010 106012010 106014010 106014010 Mean for 10 epochs (SD)
Setting Rising Setting Rising Setting + Rising

200–210 1.6±0.6×10−4 0.9±0.4×10−4 1.8±0.5×10−4 2.9±0.9×10−4 1.4×10−4 (0.7×10−4)
190–200 1.6±0.6×10−4 1.1±0.4×10−4 1.8±0.6×10−4 2.4±0.6×10−4 1.7×10−4 (0.7×10−4)
180–190 2.8±0.6×10−4 2.0±0.5×10−4 3.0±0.6×10−4 3.3±0.9×10−4 2.1×10−4 (0.7×10−4)
170–180 3.8±0.7×10−4 2.0±0.5×10−4 4.0±0.7×10−4 4.3±0.7×10−4 3.2×10−4 (1.1×10−4)
160–170 4.4±0.7×10−4 3.3±0.5×10−4 4.6±0.7×10−4 4.8±1.0×10−4 4.2×10−4 (1.4×10−4)
150–160 6.8±0.1×10−4 5.2±0.6×10−4 6.6±0.8×10−4 7.3±0.9×10−4 6.3×10−4 (1.4×10−4)
140–150 1.0±0.1×10−3 0.7±0.1×10−3 1.1±0.1×10−3 1.1±0.1×10−3 0.93×10−3 (0.22×10−3)
138–148 1.1±0.1×10−3 0.8±0.1×10−3 1.1±0.1×10−3 1.1±0.2×10−3 1.1×10−3 (0.3×10−3)
136–146 1.2±0.1×10−3 0.9±0.1×10−3 1.3±0.1×10−3 1.3±0.2×10−3 1.2×10−3 (0.3×10−3)
134–144 1.2±0.1×10−3 1.0±0.1×10−3 1.4±0.1×10−3 1.4±0.1×10−3 1.4×10−3 (0.3×10−3)
132–142 1.3±0.1×10−3 1.1±0.1×10−3 1.6±0.1×10−3 1.7±0.1×10−3 1.6×10−3 (0.4×10−3)
130–140 1.4±0.1×10−3 1.3±0.1×10−3 1.8±0.1×10−3 1.9±0.1×10−3 1.7×10−3 (0.4×10−3)
128–138 1.7±0.1×10−3 1.4±0.1×10−3 2.0±0.1×10−3 2.0±0.1×10−3 1.9×10−3 (0.4×10−3)
126–136 2.0±0.1×10−3 1.6±0.1×10−3 2.3±0.1×10−3 2.1±0.1×10−3 2.2×10−3 (0.2×10−3)
124–134 2.4±0.2×10−3 1.8±0.1×10−3 2.8±0.2×10−3 2.3±0.2×10−3 2.6×10−3 (0.6×10−3)
122–132 2.6±0.2×10−3 2.0±0.1×10−3 3.1±0.2×10−3 2.6±0.2×10−3 3.0×10−3 (0.7×10−3)
120–130 2.9±0.2×10−3 2.2±0.1×10−3 3.5±0.2×10−3 3.3±0.3×10−3 3.2×10−3 (0.8×10−3)
118–128 3.3±0.2×10−3 2.6±0.1×10−3 4.1±0.2×10−3 4.0±0.4×10−3 3.9×10−3 (1.1×10−3)
116–126 3.8±0.3×10−3 3.1±0.1×10−3 4.6±0.3×10−3 4.4±0.4×10−3 4.5×10−3 (1.2×10−3)
114–124 4.8±0.3×10−3 3.6±0.2×10−3 5.8±0.4×10−3 6.5±0.5×10−3 5.3×10−3 (1.5×10−3)
112–122 6.2±0.4×10−3 4.6±0.2×10−3 6.1±0.3×10−3 7.2±0.5×10−3 6.3×10−3 (1.7×10−3)
110–120 7.7±0.4×10−3 5.2±0.3×10−3 8.0±0.5×10−3 8.4±0.6×10−3 7.8×10−3 (2.0×10−3)
108–118 8.7±0.5×10−3 6.9±0.3×10−3 10.3±0.6×10−3 11.1±0.7×10−3 11.3×10−3 (3.3×10−3)
106–116 9.7±0.5×10−3 9.2±0.4×10−3 13.4±0.9×10−3 13.1±0.9×10−3 13.9×10−3 (4.5×10−3)
104–114 0.015±0.001 0.011±0.001 0.016±0.001 0.018±0.001 0.018 (0.005)
102–112 0.024±0.002 0.016±0.001 0.023±0.002 0.018±0.002 0.023 (0.006)
100–110 0.044±0.004 0.019±0.001 0.032±0.002 0.024±0.003 0.030 (0.008)
90–100 0.20±0.03 0.12±0.01 0.24±0.04 0.20±0.03 0.18 (0.07)

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

Altitude (km) Column density (1022 cm−2)
Setting Rising Mean (SD)

100–110 0.018±0.005 0.019±0.008 0.018 (0.001)
90–100 0.12±0.07 0.20±0.02 0.16 (0.07)
80–90 0.64±0.03 1.15±0.08 0.89 (0.25)
70–80 4.1±0.3 7.0±0.9 5.5 (2.0)
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Table 4. Trend of the N+O column density

Altitude Rate
(km) (1016 cm−2 yr−1) (%yr−1)

190–200 8±9 9.4±11.3
180–190 10±9 9.4±8.5
170–180 15±9 7.8±4.7
160–170 34±12 16.1±5.6
150–160 13±13 2.7±2.7
140–150 26±17 3.7±2.3
130–140 −1±22 −0.1±1.6
120–130 5±34 0.19±1.3
110–120 −110±85 −1.7±1.4
100–110 730±400 4.2±2.3
90–100 1600±2300 1.4±2.1
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Figure 1. Upper panel: Geometry of Earth’s atmospheric occultation of a star. As the satel-

lite proceeds, the source sets behind the Earth’s atmosphere. Lower panel: X-ray spectral vari-

ation 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 absorption 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. Occultation light curves in 0.5–10 keV for Suzaku/XIS0, XIS1, and XIS3. Black

and red are responsible for rising and setting, respectively. The intensities are normalized at the

unattenuated level. These profiles are fitted with a phenomenological model shown in blue, from

which we computed an altitude at which the flux becomes half of the unattenuated level, which is

indicated in the upper left corner of each panel.
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Figure 3. Same as Figure 3 but for all the data taken with Hitomi/HXI1 and HXI2. The

energy range used is 5–50 keV.
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Figure 4. Upper panel: X-ray cross sections for N and O. Lower panel: Cross-section ratio of

N to O. The ratio is nearly constant except for the K-shell edges at ∼0.5 keV.
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Figure 5. Example X-ray spectra obtained with the XIS (Obs.ID 106014010; all setting data

in this observation are combined together). The data are fitted with the emission model from the

Crab Nebula, which is multiplied by the Earth’s atmospheric absorption.
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Figure 6. Same as Figure 5 but for Hitomi.
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Figure 7. N+O column densities as a function of time for each altitude layer as indicated in

the upper left corner of each panel. Black circles and red triangles are responsible for rising and

setting in each observation epoch, respectively. The time for the combined 100023010, 100023020,

and 101011060 data is assumed to be that of 100023020. For clarity, we shift the setting data by

+20 days.
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Figure 8. 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 9. Atmospheric N+O densities as a function of altitude, which is inverted from the

column density in Figure 8. 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 10. Left: Same as Figure 9 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 11. Crab Nebula’s X-ray spectra to be obtained with XRISM/Resolve, at altitude

ranges 157–170 km (left) and 97–102 km (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 atmo-

spheric 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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