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Abstract: JEM-EUSO (Extreme Universe Space Observatory on-board Japanese Experiment Module) is a space
observatory on the International Space Station (ISS) to observe ultra high energy cosmic rays (UHECRs) in the
future. UHECRs induce cascade showers (extensive air showers; EASs) in the atmosphere. The main component
of the shower particle is electron. The electrons excite Nitrogen molecules to emit fluorescence mainly in the
range between 300 and 400 nm. The JEM-EUSO telescope sees the fluorescence from the ISS orbit. In this paper,
absolute calibration of the JEM-EUSO telescope with the moonlight will be discussed. The moon is known to
be a very stable and well studied natural light source and has been used to calibrate on-orbit sensors so far.
The observation of UHECRs with JEM-EUSO requires dark nights in principle, therefore moonlight nights are
available for the calibration purpose. The expected number of photoelectrons was found to be several tens to
hundreds per 2.5 µs for the full moon. That number is within the dynamic range of the JEM-EUSO electronics.
The detail will be discussed in the paper.
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1 Introduction
JEM-EUSO is a ultra-high energy cosmic ray observatory
on orbit whose launch is foreseen in 2017[1, 2, 3]. The flu-
orescence and Čerenkov light generated by extensive air
shower (EAS) particles induced by cosmic rays will be
detected with a wide field of view telescope on the Inter-
national Space Station. Calibration is important to recon-
struct accurately cosmic ray energy and arrival direction
and so on to study the ultra-high energy universe in detail.
At present, ∼ 1020eV particles are available only in the na-
ture, so the EAS property can be studied with cosmic ray
observation or by simulation work. If once how many par-
ticles and their energy distribution are known, we can es-
timate the produced fluorescence and Čerenkov light be-
cause the fluorescence yield has been measured precisely
enough in recent works[4, 5].

The JEM-EUSO telescope consists of three Fresnel
lenses, a focal surface (FS) detector with 5,000 multi an-
ode photomultiplier tubes (MAPMTs) of 0.3M pixels in
total and data acquisition electronics[3]. In order to dis-
cuss the cosmic ray origins in detail, detector calibration
is mandatory. For the calibration of the JEM-EUSO tele-
scope, onboard UV-LED light sources [6] and on-ground
light sources (Xe flashers and 355nm LIDARs)[7] will be
deployed. One of the advantages of onboard calibration
system (light source) is the availability whenever it is nec-
essary and the controllability, but the concern about the
degradation with time of the onboard calibration system
is always accompanied as a light source for the absolute
calibration. For the case of on-ground light sources, atten-
uation in the atmosphere should be evaluated in addition
to the calibration of the light sources themselves. Natural
light sources may be a good candidate for the absolute cal-
ibration. For JEM-EUSO, the moonlight may be a good
light source[8]. The moonlight has been found to be stable

enough[9] to be used for the calibration purpose of instru-
ments on orbit in the atmospheric science. In fact, several
sensors on satellites have been calibrated with the moon-
light (e.g. Refs.[10, 11, 12, 13, 14]).

2 Absolute Calibration with the Moonlight
2.1 Introduction
We consider the conditions which are necessary to observe
the moonlight with JEM-EUSO. In order to take calibra-
tion data with the moonlight, the following procedure is as-
sumed.

1. Detect cloud candidates with the slow mode

2. Take Infrared (IR) images with the onboard IR
camera[15] and choose a cloud at high altitude

3. Shoot onboard laser[15] at the cloud to determine
the height and the reflectance

4. Record the MAPMT signals of the reflected moon-
light on the cloud and evaluate the overall photon de-
tection efficiency of the JEM-EUSO telescope

In principle, JEM-EUSO is designed to be triggered to take
data by cosmic ray air showers which will last for 100 µs
typically and continuous background light intensity will
not be triggered. Therefore a dedicated mode is necessary.
The slow mode, which is the monitoring of the pixel signal
rate every 3.5 seconds for the observation of transient lumi-
nous events (TLEs), may be also applicable for the cloud
monitor.

The cloud should be chosen at high altitude > 10km
to reduce the uncertainty in the atmospheric transmission
around the ground. Above 10km, the scattering is usually
well described only by the Rayleigh scattering and the
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attenuation of light will be smaller. This selection may be
done in offline analysis. The IR images are also important
to know the area covered by the cloud.

The sensors usually used in the atmospheric science
can see the moon because they use steerable mirrors to
observe targets. However, since JEM-EUSO can see at a
fixed direction towards the earth, the earth albedo could be
a major source of error in the absolute calibration.

2.2 Moon Irradiance
2.2.1 Introduction
The brightness of the moon is considered to be very sta-
ble. The photometric stability of the lunar surface was stud-
ied by H.H. Kieffer[9]. It was found that events that would
change the moon surface brightness (integration in a visi-
ble band) by 1% would occur once per 1.4 Gyr. Therefore
the apparent brightness changes according to the geomet-
rical configuration of the sun, the moon and JEM-EUSO.
Because of its stability, H.H. Kieffer and T.C. Stone de-
veloped a disk-averaged moon reflectance model (ROLO)
from 350 nm to 2450 nm based on the 6-year observation
on ground for the calibration of on-orbit sensors of the
Earth science[16]. With this model, we have estimated the
moon irradiance for the JEM-EUSO observation.

2.2.2 Irradiance calculation
The irradiance was calculated as the product of the so-
lar irradiance at the moon and the moon disk averaged
reflectance. C.A. Gueymard compiled 24 years of irradi-
ance measurements into a composite spectrum up to 1 mm,
whose resolution is 0.5 nm in 280− 400 nm and 1 nm in
400−1000 nm[17].

In the ROLO model, disk averaged spectral reflectance
(ρk) of the moon at wavelength λk was modeled empiri-
cally as follows.

lnρk =
3

∑
i=0

aikgi +
3

∑
j=1

b jkΦ2 j−1 + c1θ + c2φ + c3Φθ

+c4Φφ +d1ke−g/p1 +d2ke−g/p2

+d3k cos[(g− p3)/p4] , (1)

where g is the phase angle, θ and φ are the selenographic
latitude and longitude of the observer, and Φ is the se-
lenographic longitude of the Sun. ci and p j are wave-
length independent constants, and aik, b jk and dlk are wave-
length dependent constants. These constants are given in
the paper[16]. In this paper, for simplicity θ = 0 and φ = 0
were assumed and Φ was approximated as −g. Figs.1 and
2 show phase angle dependence of the lunar reflectance at
350 nm and 414 nm and the reflectance spectrum at phase
angle 0 degree. The reflectance increases with increasing
wavelength. The phase angle dependencies are similar to
each other at 350 nm and 414 nm. Since the spectrum cal-
culated with the model showed irregularity, the data points
were fitted with a quadratic function shown by the red dot-
ted curve in Fig.2.

The irradiance (Ik) at the top of the atmosphere at wave-
length band k can be calculated with the following equa-
tion.

Ik =
1
π

ρkΩMEk
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Figure 1: Lunar disk-averaged reflectance as a function of
phase angle for 355 nm (solid line) and 414 nm (dotted
line) calculated with the ROLO model.[16]

Wavelength [nm]
400 600 800 1000 1200

R
ef

le
ct

an
ce

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0.26

Figure 2: Lunar reflectance spectrum at phase angle 0 cal-
culated with the ROLO model[16]. The red dotted curve
shows the best fitted quadratic function.

where ΩM is the solid angle of the Moon (= 6.4177 ×
10−5sr) and Ek is the solar spectral irradiance. DS−M and
DE−M are the distances of Sun-Moon and Earth-Moon, re-
spectively. In this paper, DS−M and DE−M are assumed to
be 1 AU and 384,400 km, respectively. The resultant spec-
tral irradiance of the full moon at the top of the atmosphere
is shown in Fig.3. The irradiance between 300 nm and
400 nm is 3.72×105 photons/ns m2. In Ref.[18], it was es-
timated as 2.437×105 photons/ns m2 at full moon. They
used the same model, ROLO model, but without the oppo-
sition effect that the moon brightness increases rapidly as
the phase angle reaches zero. They reported that the bright-
ness would increase by ∼ 35% if the opposition effect was
taken into account. Another major reason for the difference
is the wavelength dependence of the reflectance. In our cal-
culation, the slope is smaller. It was estimated as ∼10% ef-
fect.

2.3 Cloud Reflection
If the optical thickness of the cloud is larger than unity
(τ > 1), the reflected intensity does not depend very much
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Figure 3: Spectral irradiance of the full moon at the top of
the atmosphere of the earth.

on the incident angle or the emergent angle[20, 21]. Here
the emergent angle is assumed up to ∼30 deg. which is the
half angle of the JEM-EUSO field of view. However, the
reflectance varies very much from a few % to ∼100% de-
pending on the optical thickness[19]. This variation may
introduce a large error directly in the calibration. The re-
flectance should be determined as precisely as possible to-
gether with the cloud top height. Hereafter we assume the
cloud reflection as of Lambertian type, which is a good ap-
proximation for thick clouds, and the reflectance as ρcloud.
In order to avoid the variability of the atmosphere transmit-
tance, only thick clouds above ∼10 km were assumed as
already mentioned.

The appearance probability of clouds with optical depth
larger than one was studied in the JEM-EUSO perfor-
mance paper[22]. Based on the database by TOVS (TIROS-
N (Television Infra-Red Observation Satellite) Operational
Vertical Sounder) [23], it was estimated as about 7% along
the ISS track at night[22]. There must be quite a good
chances in a year to observe the reflected moonlight on
thick clouds.

2.4 Expected Signal for the Calibration
The expected photoelectron rate in a pixel, Sk, can be de-
rived as follows:

Sk = Ik cosθ0 ·ρcloud/π ·T 2
atm ·ApixFOV ·ΩEUSO ·εEUSO , (3)

where Ik is the irradiance of the full moon shown in Eq.(2),
θ0 is the zenith angle of the moon, Tatm is the trasmit-
tance in the atmosphere above the cloud, ApixFOV is the
area on the cloud which one pixel (FoV: 0o.073× 0o.073
for the center pixel in the JEM-EUSO FS) sees, ΩEUSO is
the solid angle of the JEM-EUSO at 400 km seen from
the cloud height, εEUSO is the efficiency of the JEM-EUSO
telescope, which is the product of the optics efficiency
(TOpt), the filter transmittance (TBG3), and the MAPMT ef-
ficiency (QE×CE). The efficiencies are plotted in Fig.4.
Here, the cloud at the nadir was considered as a typical
case and then the optics efficiency was taken for the light
parallel to the optical axis. The resultant full-moon spec-
trum observed by JEM-EUSO is shown in Fig.5. The ex-
pected signal rate for the full moon is 449ρcloud cosθ0 [pho-
toelectrons (p.e.)/GTU/pixel], where GTU stands for the
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Figure 4: The JEM-EUSO spectral efficiency assumed in
the calculation. The optics efficiency for the light parallel
to the optical axis is plotted with a blue dotted line, the
filter (BG3) transmittance with a red dotted line, PMT
efficiency (QE×CE) with a green solid line and the total
efficiency with a black solid line.

gate time unit (2.5µs) which JEM-EUSO counts the sig-
nal for. For the case of the half moon, the signal decreases
to 24.5ρcloud cosθ0 [p.e./GTU/pixel]. Since the dynamic
range of the JEM-EUSO electronics is from 1 p.e. to > 300
p.e.[3], the signal intensity of the moon is almost within
the dynamic range. In order to accumulate 10,000 p.e., it
takes 25 GTU for the full moon at zenith and 10,000 GTU
for the half moon at zenith angle of 60 deg. and with the
cloud reflectance of 10%. The displacement of the ISS
in 10,000 GTU will be shorter than 200 meters, which is
smaller than the projected size of 1 pixel on ground. As a
consequence, the moon could be a good calibration light
source.
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Figure 5: The expected full-moon spectrum observed with
JEM-EUSO at the zenith and with the cloud reflectance 1.

3 Discussion
If the data is accumulated for the consecutive 100 GTU,
the total number of detected photoelectrons is about 10,000
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p.e. for the full moon at the zenith. Therefore the statisti-
cal error will be 1% or less. With the help of the ROLO
model, the degradation of the Sea-viewing Wide Field-of-
view Sensor (SeaWiFS) on orbit has been determined at
0.1% level successfully[24]. However, there are still large
discrepancies (∼ ±10% in visible and near infrared band)
in the absolute irradiance between the model prediction
and the observed data[16]. S.D. Miller and R.E. Turner
have developed another lunar reflectance model indepen-
dently and reported 15% smaller and 3% larger at 350 nm
at phase angle 2.9 and 34.9 degrees calculated with their
model than with ROLO[25]. At present, the systematic un-
certainty of the moon intensity seems at 10−15% level. In
order to utilize the moon as a standard absolute candle and
to ensure the traceability, a new observation with better ac-
curacy has been proposed[26]. In the future, the spectral ir-
radiance model will be expected to be improved.

Another source of the systematic error would be the re-
flectance of the cloud. The reflected signal of a shot of the
onboard 20 mJ 355 nm LASER would be 28,000ρcloud p.e.,
which is much larger than the dynamic range and it is diffi-
cult to determine the reflectance of the cloud. If a satellite
for the atmospheric science observes the same location as
JEM-EUSO and the data is available later, it could be used.

Another possible reflector would be ocean or desert un-
der clear sky. The “reflectance” of clear sky can be mea-
sured with the onboard LASER, which is about 30%. In
this case, Lambertian reflection of the surface and wave-
length independent reflection may not be applicable, so
that the observation site should be chosen carefully. Soil,
water, vegetation have surface albedo about 5% in near UV
range. The sensitivity of the top of the atmosphere (TOA)
reflectance to surface albedo in Ref.[27]. The coefficient
is 0.1− 0.2, that means 100% error in the surface albedo
leads to 10−20% error in the reflectance. Therefore clear
sky above surface with small albedo may be a possible con-
dition for the calibration. If the TOA reflectance can be de-
termined with systematic error of 15%, the total systemat-
ics will be about 20% since the errors of the other factors
will be negligibly small because they are geometrical ones
in principal.

4 Summary
For the space based experiments to observe EAS on or-
bit like JEM-EUSO, it is difficult to obtain reliable and
stable light source for absolute calibration. In this paper,
possibility of the moon as a calibration light source has
been studied. In the full moon period, EAS observation
by JEM-EUSO is very difficult because of the large back-
ground level. The observed intensity of the moonlight was
estimated as 449ρcloud cosθ0 [p.e./GTU/pixel] for the full
moon light reflected on the cloud at the nadir, where ρcloud
is the reflectance of the cloud and θ0 is the zenith angle
of the moon. This intensity is almost within the dynamic
range of the JEM-EUSO electronics. Since the moonlight
is very stable, the error of the relative calibration (i.e. the
degradation in time) will depend on the error of the earth
reflectance. For the absolute calibration, systematic error
in the moonlight remains 10− 15% at present. Therefore
if the reflectance could be determined with < 15% error,
the total systematic error in the absolute calibration with
the moonlight would be about 20%. There are a few activi-
ties to improve the moon reflectance model for the calibra-
tion purpose of on-orbit instruments, the systematic error

in the moonlight may be smaller at the time of observation
by JEM-EUSO.
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