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Abstract: The High-Resolution Infrared Radiation Sounder (HIRS) has been operational since 1975
on different satellites. In spite of this long utilization period, the available information about some of
its basic properties is incomplete or contradictory. We have approached this problem by analyzing
intrusions of the Moon in the deep space view of HIRS/2 through HIRS/4. With this method we
found: (1) The diameters of the field of view of HIRS/2, HIRS/3, and HIRS/4 have the relative
proportions of 1.4◦ to 1.3◦ to 0.7◦ with all channels; (2) the co-registration differs by up to 0.031◦

among the long-wave and by up to 0.015◦ among the shortwave spectral channels in the along-track
direction; (3) the photometric calibration is consistent within 0.7% or less for channels 2–7 (1.2% for
HIRS/2), similar values were found for channels 13–16; (4) the non-linearity of the short-wavelength
channels is negligible; and (5) the contribution of reflected sunlight to the flux in the short-wavelength
channels can be determined in good approximation, if the emissivity of the surface is known.
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1. Introduction

The High-resolution Infra-Red Radiation Sounder (HIRS) performs temperature/humidity
sounding on satellites in sun-synchronous orbit since the seventies. The first HIRS instrument has been
operated on Nimbus-6 from 1975 through 1983. Starting with its first evolution, HIRS/2, built by the
Optical Division of ITT Aerospace, it is equipped with 19 infrared channels and forms part of the TOVS
sounding instrument suite (TIROS [Television Infrared Observation Satellite] Operational Vertical
Sounder) on NOAA-6 to -19. The channel frequencies of each instrument can be found at [1]. It flies as
well on TIROS-N, Metop-A, and Metop-B. In all these years the instrument evolved to HIRS/4 and has
accumulated a large set of observations relevant to the study of long-term variations of temperature
and upper tropospheric humidity (UTH), amongst other things. A trend analysis over three decades
of HIRS channel 12 measurements, trying to find changes in tropical UTH, is described for example
in [2]. Their investigation, however, was hampered by significant inter-satellite biases, the reason
for which was not easily identified. Different spectral response functions, the on board black body
calibration system or non-linear response of the detectors could all be at fault. The situation is similar
with other channels [3]. A full understanding of the various effects contributing to the systematic
errors of HIRS that manifest themselves as biases is further complicated by the fact that one encounters
contradictory or incomplete information in the literature even about basic properties of this instrument.
Examples are:
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• According to the first performance report from ITT Aerospace, the FoV (field of view) of HIRS/2
has a diameter of 1.22◦ [4]. This value increased to 1.25◦ in various books, for example [5],
and reached a temporary height on the OSCAR web page with some 1.4◦ [6]. OSCAR gives the
resolution in km at s.s.p., which introduces an uncertainty, because the altitude of a satellite on
a sun-synchronous orbit can vary by almost 50 km during the mission, and its mean value is not
the same for different satellites. The discrepancies get even larger for HIRS/4, where most web
pages and documents give a value of some 0.7◦, except for the ESA Metop performance page
with its extravagant claim of 1.4◦ for the shortwave channels 13–19 and 1.3◦ for the long-wave
channels 1–12 [7].

• Experts on HIRS cannot agree, either, as to how good the spectral channels co-registration is.
This property of the instrument can only be determined in flight for window channels, where it is
possible to identify characteristic features on the surface of the Earth. As HIRS has a beamsplitter
and two completely different optical paths for long-wave and shortwave channels, systematic
pointing differences between these groups of channels are to be expected. Investigations into this
matter on ground are not necessarily representative for the conditions in flight, because the strong
vibrations during the launch phase can affect the optical path of the instruments.

• The central wavelengths of several channels of HIRS are very similar, but spectral uncertainties
remain [8]. This concerns in particular channels 13–16, which lie between 4.4 and 4.6 µm,
and channels 1–7, which lie between 13.3 and 15 µm, i.e., close to the frequency of maximum
spectral radiance for an object with a brightness temperature of 300 K. These wavelengths cover
absorption bands of nitrous oxide and carbon dioxide in the atmosphere and produce therefore
quite different flux values for Earth scenes, which makes it difficult to directly determine the
inter-channel homogeneity of the sounding channels in flight.

• Estimates of the non-linearity varied by more than a factor of two. A non-linear effect was first
detected in flight with HIRS/2 on NOAA-10, where it was maximum in the ninth and tenth
channel and lowest in the shortwave channels [9]. When [10] determined later the non-linearity
terms for the long-wave channels 4 and 6 of HIRS/4 on Metop-B in flight, they found them
exactly 3.333 times smaller than the pre-launch values. Their method worked by identifying
those non-linearity terms that produced the smallest orbital mean bias against IASI (Infrared
Atmospheric Sounding Interferometer) on the same satellite. The underlying assumption is
here that non-linearity is the only reason for bias. An independent confirmation of this claim is
highly desirable.

• The impact of reflected solar radiance and the low signal-to-noise ratio at low temperatures
adversely affect the accuracy and precision of radiance measurements with the short-wavelength
channels, according to [11]. The exact value of the reflected solar radiance depends on the scan
position, solar zenith angle, etc. [12], which makes its calculation difficult. It can, however, be very
much simplified by assuming diffuse reflection—a concept that can be tested with the geometric
albedo of the Moon.

The aim of our investigation is to shed some light on these and other issues concerning the
performance of HIRS/2–HIRS/4 in flight, or at least to propose new ways of addressing the open
questions. This is not only of interest to meteorologists trying to understand biases and other
peculiarities in the data from HIRS, but provides as well helpful suggestions for verifying the
compliance of future infrared sounders with requirements. Here we make use of intrusions of the Moon
in the deep space view (DSV) of HIRS during routine operations. As the Moon has no atmosphere,
its infrared spectrum has no narrow, variable features. The hemisphere it presented to the weather
satellites was more or less the same for all observations: The sub-observer longitude varied between
351.2◦ and 6.8◦, and the sub-observer latitude, i.e., the apparent planetodetic longitude and latitude of
the nearest point of the target seen by HIRS, varied between −5.6◦ and +6.8◦. We could not detect any
significant correlation between either coordinate and the measured brightness temperatures. All of
these things are strong evidence in favour of a basic assumption relevant for thermo-physical modeling,
namely that the disk-integrated properties of the Moon were the same in all observations.
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Its temperature, however, varies with the illumination by the Sun, and these variations are much
larger than those of the Earth’s upper troposphere [13]. Hence observations of Moon intrusions
make it possible to monitor the performance of an instrument over a very large range of flux values.
They provide new insights into the effects causing systematic uncertainties in the measurements.
Such deeper understanding is essential to produce fundamental climate data records from HIRS with
consistent calibration. Such a data set could for example form the basis for new climate data records of
upper tropospheric humidity as a complement to the corresponding microwave data set [14].

In the next section we describe the method used for identifying suitable observations of the Moon
with HIRS, and how we derived brightness temperatures from the raw data. The results are presented
in Section 3, and we show for each of the five items mentioned above, how the Moon can prove itself
useful by providing new insights. In Section 4 we assess the relevance of these results by comparing
them with expectations. Finally, we draw conclusions in the last section on the future use of the Moon
in calibration and validation of instruments on weather satellites.

2. Materials and Methods

The first step in our efforts to take advantage of the intrusions of the Moon in the DSV of HIRS was
to identify such events in the raw data (level 1b), which are supplied by the NOAA Comprehensive
Large Array-data Stewardship System and which were read and procesed by us using Typhon [15].
The HIRS lunar contamination status can be found in plots that are available on the web page of the
Center for Satellite Applications and Research Integrated Calibration/Validation System Long-Term
Monitoring [16]. This web page, however, does not include monitoring data of HIRS/2, and it does
not show the lunar contamination status before 2016. Another, but much more laborious method, is
searching the raw data for anomalies in the counts from the DSV during periods of time when the
Moon was close to its pointing direction. In Figure 1 we show an example of the signal from deep
space for all calibration lines of one orbit. The radiometric calibrations with deep space happen every
256 s, i.e., one gets 6100/256 ≈ 24 such calibration lines per orbit. In between there are Earth scans.
Each calibration line contains at least 46 useful measurements, and they are shown in Figure 1 as
24× 46 counts. The plot betrays immediately the scan that was affected by the presence of the Moon,
because the Moon adds flux to the otherwise empty space. As can be seen in the figure, HIRS produces
a lower number of counts for stronger incoming flux. The signal is already reverse after processing
in the amplifier chains and before analog to digital conversion, see Section 2.1 in [17]. In a second
step we checked with the aid of the infrared light curve of the intrusion of the Moon in the DSV,
whether the Moon was fully included in the FoV of HIRS or not. As the number of counts is inversely
proportional to the fraction of the lunar disk that falls inside the FoV, this number decreases while
the Moon is approaching the center of the FoV and increases while the Moon is leaving the FoV. It is
constant at a high level, as long as the Moon is completely outside the FoV, and at a low level, as long
as the Moon is completely inside the FoV, apart from random fluctuations of the counts. When during
an orbit the Moon is at the orange position in Figure 2, then only a fraction of the lunar disk can be
present in the FoV of HIRS, and a falling number of counts is followed immediately by a rise in the
number of counts. Whenever it seemed like HIRS got infrared radiation from the whole lunar disk,
we looked for additional evidence by comparing the counts with the signal from another intrusion of
the Moon with similar phase angle. We usually carried out our search for Moon intrusions with light
curves from channel 8, which means that the Moon might not have been fully included in the FoV of
the short-wavelength channels, due to systematic pointing differences between long- and shortwave
channels, see Section 3.1.2.

The blue circle in Figure 2 is close to the celestial equator and its center coincides with the direction
of the orbital axis of the satellite carrying HIRS. When this direction is sufficiently close to the orbit of
the Moon, i.e., the orange line, then the Moon will appear every month in the DSV. At other times of
the year, however, such an alignment cannot happen. It is also possible, that only Earth scenes were
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observed, when the Moon crossed the direction of the DSV, or that only part of the Moon fell into the
FoV. In consequence, a whole year might pass without a single, useful Moon intrusion.

10 20 30 40 50
scanpos

26 06:20

26 06:30

26 06:40

26 06:50

26 07:00

26 07:10

26 07:20

26 07:30

26 07:40

26 07:50

ti
m

e

channel = 8

2000

2100

2200

2300

2400

2500

C
o
u
n
ts

 [
co

u
n
ts

]

Sample

Figure 1. Plot of the numeric counts corresponding to space radiance with HIRS/3 on NOAA-17 during
one orbit on 26 September 2002. The first samples were excluded, because the radiometer scanning
mirror needs some time to reach its final pointing. The Moon was present in the FoV at 7:01 UTC and
provided additional flux. Each scan takes 6.4 s.

We identified a total of 20 suitable intrusions of the Moon in the DSV of seven satellites.
This number is large enough for a representative subset of all Moon intrusions and for demonstrating
the methods we have developed to learn more about HIRS. It is a far cry, however, from a complete
inventory of Moon intrusions, because it is heavily biased towards recent years and the latest satellites.
We chose this approach in order to get a balanced set of Moon intrusions from different versions of
HIRS, although HIRS/2 flew on more satellites than all other versions combined. Depending on the
specific instrumental effect under investigation, we chose those Moon intrusions among our set of 20
that were particularly well suited. Examples are instances of different instruments observing the Moon
at the same phase angle or observations, where the Moon appeared in all channels in spite of their
small misalignment.

The observations of the Moon are not part of the standard processing of the raw data from HIRS,
so we had to calibrate them ourselves. This was done by calculating the average counts Xsp from the
previous and the following DSV calibration line, i.e., 256 s before and 256 s after the Moon intrusion,
and using the counts Xbb from the black body (bb) calibration line that is closest in time to the Moon
intrusion. The space radiance Rsp is zero for all channels of HIRS, the black body radiance Rbb is
calculated from the temperature Tbb of the black body. The reference counts are the average from
some 47 samples, because the first eight to ten samples were taken while the scan mirror was still in
motion. This average of 47 samples enters the equation of calibration, without non-linearity, as used by
AAPP (ATOVS [Advanced TIROS Operational Vertical Sounder] and AVHRR [Advanced Very High
Resolution Radiometer] Pre-processing Package) [18]. The counts obtained, when the Moon is in the
FoV, are the average of less than 47 samples, because usually the whole disk of the Moon does not
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remain in the FoV during the entire duration of the calibration line (6.4 s). The radiant flux density
received by HIRS from the lunar surface is calculated according to

R = G · XMoon + I (1)

where XMoon is the average counts from the space target. G is defined as

G =
Rbb − Rsp

Xbb − Xsp
(2)

where the radiance of the black body is calculated according to Planck’s law

Rbb =
c1

λ5 · (e
c2

λ·T∗bb − 1)
(3)

Figure 2. The pointing direction of the DSV describes a circle (blue) in the sky during one orbit of the
satellite. When the position of the Moon on its orbit around the Earth (orange) coincides with this circle,
it will appear for a short while in the FoV of HIRS. The orbit of the Moon is tilted against the celestial
equator, so its minimum distance from the line of sight (straight red line) of the DSV of an instrument
on a polar, sun-synchronous orbit (violet) is different each month. The orange position corresponds to
a case, where part of the Moon stays outside the FoV, the yellow position corresponds to a case, where
HIRS gets the radiation of the complete lunar disk. During that time the signal remains constant.
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The temperature of the black body needs a band correction with channel specific constants b and
c, which are given in AAPP.

T∗bb = b + c · Tbb (4)

The temperature of the black body is measured with n calibrated platinum sensors, where n = 4,
except for for HIRS/4, where it is 5.

Tbb =
∑n

i=1 Ti

n
(5)

Every platinum sensor has its own resistance/temperature relationship.

Ti =
5

∑
j=0

aij · PRT j
i (6)

The measured radiance is zero, when the instrument points at empty space.

I = −G · Xsp (7)

with
aij = conversion coefficient (numeric counts to temperature)
PRTi = mean numeric counts associated to PRT (platinum resistance thermometer) number i
c1 = 3.74 · 10−16 W m2

c2 = 1.44 · 10−2 K m
λ = wavelength

The Moon has a smaller apparent diameter than the FoV of HIRS, but the calibration targets
and also the Earth scenes are extended. For objects that do not fill the FoV, one has to divide R by
the fraction of the FoV they cover and the included energy, i.e., the fraction of the flux that actually
originates within the FoV as opposed to the contribution from stray light, like this:

RMoon = R · (dFOV/dMoon)
2/η (8)

with:
RMoon = radiance of the lunar disk
dFOV = diameter of the optical field of view
dMoon = diameter of the Moon as seen from the position of the satellite
η = total energy contained within a circle of 1.8◦ (1 − η is the fraction of the flux reaching the detector
from outside the field of view. Such flux is present with extended sources, e.g., the black body, but not
with the Moon. Numerical values can be found in [17,19]).

For the diameter of the FOV we assumed 1.4◦ for HIRS/2, 1.3◦ for HIRS/3, and 0.7◦ for HIRS/4.
The included energy is 0.97 for HIRS/2 [4] and 0.98 for HIRS/3 and HIRS/4 [19]. As no uncertainties
were reported for these values, it is not clear whether this difference between HIRS/2 and the following
versions of the instrument is significant.

We did not correct for changes in temperature of the instrument with a self emission model,
although they are known to affect the calibration measurements of the deep space view [20]. This means
for our investigation that the self emission could be slightly different at the time of the intrusion of the
Moon in the DSV than with the deep space calibration lines before and after. We mitigate this problem
by using for our calibration the average of the counts from the deep space calibration lines before and
after, but this method removes only the effects of a linear drift of the temperature. By comparing the
counts from many sets of three consecutive deep space calibration lines when the Moon was nowhere
to be seen, we concluded that the absence of a self emission model adds an uncertainty of one or
two counts to the cold calibration reference, but that it does not introduce a systematic error. This does
not rule out the possibility of long term effects on the photometric calibration, but they are something
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altogether different. We did not include a non-linearity term in our equation of calibration, either,
because there is no consensus on the correct values for this term, and as a consequence it is set to zero
in AAPP. Furthermore we would compromise our aim of deriving upper limits on the non-linearity,
if we applied a non-linearity correction already in our processing of the data.

3. Results

As the Moon has got no atmosphere, its spectral energy distribution is close to that of a grey body,
with gradual, small variations of its brightness temperature. For a comparison of the disk-integrated
flux density of the Moon from HIRS with a thermo-physical model, see [21]. None of the spectral lines
familiar from Earth’s atmosphere are present on the Moon, and this special quality allows checks of
the performance of HIRS in flight that are much more difficult or even impossible in the framework of
the routine calibration procedure. An example is checking the coregistration of sounding channels,
because one cannot identify surface features on Earth with them. We give in the following several
illustrations of how lunar intrusions in the deep space view can serve as diagnostic tool for an infrared
sounder. The absolute photometric calibration is not among them, because a sufficiently accurate
model of the lunar radiance in all channels of HIRS is not available yet [21].

3.1. System Characteristics

3.1.1. Optical Field of View

According to Equation (8) the measured radiance of the Moon is proportional to the solid angle
of the FoV. Hence, it is possible to determine the ratio of the FoVs of different instruments with high
accuracy, provided that they observed the Moon at very similar phase angles so that they got more or
less the same radiance from the Moon. In this case they must measure the same value, if the assumed
FoVs are correct. Variations of the included energy η are negligible, because this value is almost the
same for all instruments, viz. close to one, and not controversial in the literature. With other words,
the intrusions of the Moon in the DSV put us in a position to find out, which numbers in Table 1
are correct.

Table 1. Diameter of the field of view of different versions of HIRS according to different sources.
The values from the NASA and OSCAR web pages are approximate, because they needed to be
converted from km at s.s.p. to degrees.

Source HIRS/2 HIRS/3 HIRS/4

Degrees Degrees Degrees

[4] 1.22 - -
[5] 1.25 - -

[18] 1.25 1.25 0.72
[19] - 1.4 (SW), 1.3 (LW) 0.7
[6] ≈1.38 ≈1.27 ≈0.67
[7] 1.25 1.25 1.4 (SW), 1.3 (LW)

[22] - ≈1.32 ≈0.66

Moon intrusions in DSV 1.4± 0.03 1.3± 0.03 0.7± 0.01

Table 2 is a collection of nine pairs of observations of the Moon at similar phase angle, but different
times. In most cases different versions of HIRS are involved. There were for example intrusions of
the Moon in the DSV of HIRS/2 on NOAA-14 on 1996-05-28 and with a very similar phase angle in
the DSV of HIRS/3 on NOAA-17 on 2002-09-26. The average brightness temperature of the Moon for
all twelve long-wave channels was calculated in order to reduce the uncertainty. We used the shifted,
central wavelengths provided by ECMWF for our calculations. In some cases we could do the same
calculation also for most shortwave channels; these values are given in Table 3. Because of the poor
alignment between long- and shortwave channels, and because there are less shortwave channels to
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begin with, the calculated brightness temperatures at short wavelengths are averages of much fewer
values. As we have chosen channel 8 to identify the Moon intrusions in the deep space view, other
long-wave channels are more likely to provide useful data than the shortwave channels.

Table 2. Ratio of the average brightness temperature Tbr of the Moon as measured with the long-wave
channels 1-12 of HIRS on different satellites. This ratio would be one for perfect instruments.
The uncertainties reflect the random scatter of the ratios among the different channels. The first
column gives the absolute value of the phase angles of the Moon; the pairs were chosen just so these
angles are almost the same for either measurement. The value in bold face refers to the only pair, where
both measurements were made with the same instrument on the same satellite, but at different times.
It is also the only pair, where the measurements were made close to minimum and maximum distance
between the Sun and the Moon, which explains the large ratio.

|Phase Angle| Tbr
H IRS/2/Tbr

H IRS/3 Tbr
H IRS/2/Tbr

H IRS/4

34.6◦/34.8◦ 0.996± 0.001 (NOAA-11/Metop-B)
46.3◦/47.5◦ 1.003± 0.002 (NOAA-14/NOAA-18)
51.1◦/50.5◦ 1.007± 0.005 (NOAA-14/NOAA-17)
70.8◦/70.6◦ 1.011± 0.002 (NOAA-11/Metop-A)

|Phase Angle| Tbr
HIRS/3/Tbr

HIRS/4 Tbr
HIRS/time1/Tbr

HIRS/time2

24.8◦/23.8◦ 1.000± 0.002 (NOAA-15/NOAA-18)
40.1◦/40.9◦ 0.998± 0.002 (NOAA-11/NOAA-14)
47.5◦/48.5◦ 1.006± 0.002 (NOAA-18/Metop-B)
69.3◦/68.0◦ 1.014 ± 0.002 (NOAA-14/NOAA-14)
73.8◦/73.1◦ 0.991± 0.002 (NOAA-17/NOAA-18)

Table 3. Ratio of the average brightness temperature Tbr of the Moon as measured with channels
13-17 (no channel but 17 was used for the calculation of the pair 24.8◦/23.8◦) of HIRS on different
satellites. As the brightness temperatures were derived from less than six measurements, we did not
calculate uncertainties based on their scatter. The value in bold face refers to the only pair, where both
measurements were made with the same instrument on the same satellite, but at different times. It is
also the only pair, where the measurements were made close to minimum and maximum distance
between the Sun and the Moon, which explains the large ratio.

|Phase Angle| Tbr
H IRS/2/Tbr

H IRS/4 Tbr
H IRS/3/Tbr

H IRS/4 Tbr
H IRS/time1/Tbr

H IRS/time2

24.8◦/23.8◦ 1.007 (NOAA-15/NOAA-18)
40.1◦/40.9◦ 0.997 (NOAA-11/NOAA-14)
46.3◦/48.5◦ 0.998 (NOAA-14/NOAA-18)
69.3◦/68.0◦ 1.011 (NOAA-14/NOAA-14)
73.8◦/73.1◦ 0.996 (NOAA-17/NOAA-18)

Long-Wave Channels

The calculations were carried out assuming a FoV of 1.4◦ for HIRS/2, 1.3◦ for HIRS/3, and 0.7◦

for HIRS/4. There is at least one comparison for each possible combination of versions of HIRS.
Besides, we found three pairs of observations of the Moon with very similar phase angle that were
performed with the same version of HIRS. When comparing observations of the Moon with different
versions of HIRS, one has to take the slightly different central wavelengths of each channel into
account. This inconsistency is particularly pronounced with channel 12, where the central wavelength
is 6.7 µm with HIRS/2 and 6.5 µm with HIRS/3 and 4, according to the numbers given by ECMWF.
Adding to the confusion in the literature about the HIRS system characteristics, ref. [23] claimed
a central wavelength of 6.5 µm also for HIRS/2, but only on two satellites [2], however, demonstrated
convincingly that the central wavelength was shifted from 6.7 µm to 6.5 µm only with the launch
of HIRS/3 on NOAA-15 in 1998. This shift resulted in a BT difference of 8 K [24] for Earth scenes,
because the absorption caused by water vapour in the atmosphere varies strongly between these two
wavelengths. On the Moon, however, the emissivity and with it the brightness temperature remain
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almost constant between 6.5 and 6.7 µm [25]. This is also true for the other channels. In the example of
the pair HIRS/2 and HIRS/3 mentioned above we find a value of 1.031 for the ratio of the average
radiance of the Moon measured with HIRS/2 and HIRS/3, but 1.007 for the ratio of the corresponding
brightness temperatures. This difference is caused in part by the different wavelengths of the channels
in version 2 and 3 of HIRS. Hence we determined the ratios of the brightness temperature rather than the
ratios of the radiance in each pair for all twelve long-wavelength channels and calculated their average
and standard deviation of the mean for Tables 2 and 3. We note that the biggest difference is found
with two measurements made with the same instrument, viz. HIRS/2 on NOAA-14. Surprisingly the
smaller flux was measured here for the smaller phase angle, i.e., closer to full Moon. The explanation
for this unusual ratio is that this is also the pair with the largest ratio in the Sun->Moon distance:
It amounts to 1.521·1013 cm

1.475·1013 cm = 1.031. The different brightness temperatures measured on the Moon reflect
therefore in this special case the fact that the solar irradiance at perihelion is 106% of the value at
aphelion. In all other cases we find differences in measured brightness temperature among the various
instruments below 1.1%. This corresponds to less than 4% difference in flux density, which gives an
upper limit of the random uncertainty of the diameter of the FoV of about 2%.

Shortwave Channels

Our selection criterion for the Moon intrusions was based on the long-wave channels,
but unfortunately there is a systematic misalignment between long- and shortwave channels,
because their optical paths are separated by a beamsplitter [4]. Hence we have only five pairs of
observations at the same phase angle with the shortwave channels. A direct comparison between
measurements with HIRS/2 and HIRS/3 is not among them, but the excellent agreement between
HIRS/2 and HIRS/4 and between HIRS/3 and HIRS/4 suggests that the FoVs we assumed are correct
also with the shortwave channels. In particular we have proven wrong the occasional claims of
different FoVs for different channels of HIRS/3 or HIRS/4 in documents, e.g., [19], or web pages [7]
dedicated to HIRS. We note that also the shortwave channels produce the highest ratio of brightness
temperatures for the pair with the largest difference in the Sun->Moon distance.

Our measurements suggest that the diameter of the FoV is 1.4◦ for HIRS/2, 1.3◦ for HIRS/3,
and 0.7◦ for HIRS/4 with all channels. These values are relevant for the comparison of HIRS data with
those from other instruments, when they observed simultaneously the same Earth scene.

3.1.2. Spectral Channels Co-Registration

In a few, rare cases, the light curve of the Moon intrusion shows both decreasing and increasing
counts (see Figure 3). The lack of constant signal means that the Moon was never fully included
in the FoV, because HIRS would receive the radiation from the complete disk as long as this is the
case. At least, however, the moment of its closest approach to the pointing direction of the DSV
happened during the calibration procedure. In this case it is possible to determine exactly the time of
this closest approach for each channel and to derive from this information the HIRS spectral channels
coregistration in the along-track direction. We did that by fitting a second order polynomial to the light
curve of channel 8, shown in Figure 3, and the light curves of all other channels. Then we determined
the number of the sample, where the second order polynomial reached its minimum. The uncertainty
of the position of the minimum was calculated from the uncertainties of the parameters produced
in the polynomial fit. Then we converted the number of the sample to an angular displacement.
For this last step we followed the method described by [26]. The whole procedure allows us to find
out, whether the different channels point in the same direction. This assumption is often taken for
granted by meteorologists when working with data from HIRS.
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Figure 3. Signal from all samples taken during the calibration line performed by HIRS/4 on NOAA-19
on 2012-03-04 between 5:07:0.8 and 5:07:7.2 UTC. The first positions were excluded, because the
radiometer scanning mirror needs some time to reach its final pointing. The Moon came closest to the
center of the FoV of channel 8—the one plotted here—for scanposition 34.

Table 4 lists the sample number of this closest approach for each channel, except for number 1.
Channel 1 was excluded because of its poor signal-to-noise ratio. Its SNR is small, because the difference
in counts between low and high fluxes is smaller with channel 1 than with the other channels. There is
a clear trend in the sense that this sample number decreases along the rows of the table, but there is
a discontinuity between channels 12 and 13, i.e., between SW and LW. This suggests the presence of
chromatic aberration. As the long-wave and shortwave optical paths have no lenses in common [17],
their variations in refractive index are different. On the other hand the correlation between pointing
direction and wavelength is in case of LW significantly higher than the correlation between pointing
direction and channel number, because channel 10 does not fit the sequence of decreasing wavelength.
This fact demonstrates that it is not some tilt of the filter wheel that matters for the misalignment of
the different channels, but rather a property of the lenses.

During the calibration procedure, the instrument stays at the same scan position, which is 68 for
space view, but its pointing direction in the sky changes because of the movement of the satellite on
its orbit around the Earth. The angular distance between the pointing directions of two consecutive
samples of the space calibration line is:

∆φ = t · sinθ · 360◦/P = 0.0019◦ (9)

with:
t = dwell time = 100 msec
θ = space view position relative to the orbital axis = 161.1◦ (pointing away from the Sun)
P = orbital period = 101.5 min for NOAA-19.
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Table 4. Sample number of the smallest distance between the position of the Moon and the center
of the DSV for the space calibration line from 2012-03-04 at 5:07 UTC with HIRS/4 on NOAA-19.
The differences in sample number correspond to differences in the pointing direction of the different
channels in the along-track direction. The numbers given in the fourth and fifth row are relative to
the position of the Moon in channel 19, and they are positive, if the pointing direction of a channel is
displaced in the flight direction.

Channel Number 2 3 4 5 6

Wavelength/µm 14.685 14.526 14.232 13.973 13.635
Sample Number 39.8± 10.3 38.1± 4.6 36.9± 3.9 36.4± 5.4 37.8± 3.0
Displacement/◦ 0.0444± 0.0197 0.0412± 0.0088 0.0389± 0.0075 0.0379± 0.0103 0.0406± 0.0057

Displacement/km 0.67 0.63 0.59 0.58 0.62

Channel Number 7 8 9 10 11

Wavelength/µm 13.347 11.124 9.729 12.456 7.352
Sample Number 39.7± 4.2 33.9± 1.4 28.3± 2.9 41.6± 4.0 26.8± 4.1
Displacement/◦ 0.0442± 0.008 0.0331± 0.0027 0.0224± 0.0056 0.0479± 0.0077 0.0195± 0.0079

Displacement/km 0.67 0.5 0.34 0.73 0.3

Channel Number 12 13 14 15 16

Wavelength/µm 6.529 4.577 4.517 4.479 4.451
Sample Number 21.5± 7.5 25.2± 1.1 23.5± 0.7 23.0± 0.9 22.2± 0.9
Displacement/◦ 0.0094± 0.0144 0.0165± 0.0021 0.0132± 0.0013 0.0122± 0.044 0.0107± 0.0425

Displacement/km 0.14 0.25 0.2 0.19 0.16

Channel Number 17 18 19

Wavelength/µm 4.131 3.971 3.757
Sample Number 20.3± 0.9 17.5± 1.0 16.6± 0.4
Displacement/◦ 0.0071± 0.0389 0.0017± 0.0335 0± 0.0008

Displacement/km 0.11 0.003 0

The fourth and fifth row (Displacement) of Table 4 give the differences between the positions of
the Moon in the along-track direction found with channel 19 and the other channels. These values
are plotted in Figure 4. There is a systematic shift in the position of the Moon as seen through the
different filters, and the slope of position as a function of wavelength is larger for the SW channels than
for the LW channels. This misalignment must be taken into consideration for estimating the overall
uncertainty of the result, when flux densities measured in different channels are combined to calculate
climate variables.

3.1.3. Inter-Channel Uniformity

The sounding channels of HIRS measure flux densities at several different wavelengths in order
to characterise the exact shape of a spectral feature. In order to obtain meaningful results, the different
channels do not only have to point in the same direction, they also must have a consistent flux
calibration. These preconditions are usually not questioned, when the measurements are used to
retrieve atmospheric variables. It is desirable to check the validity of these assumptions, and therefore
we want to derive now upper limits for the systematic discrepancies between channels.

As the Moon has got no atmosphere, the N2O (SW) and CO2 (LW) sounding channels should
always give almost the same lunar brightness temperature. In Table 5 we give the values for the
brightness temperatures and their standard deviations based on channels 2–7 for different versions of
HIRS. According to the last column of the table it is typically 1.0 K for HIRS/2 and 0.6 K for HIRS/4,
corresponding to about 1.2% or 0.7%, respectively, in radiance. These figures, however, are only
an upper limit of the inter-channel bias, because the brightness temperature decreases slightly with
increasing wavelength for the channels considered here, and this systematic trend inflates the calculated
standard deviations. This finding was expected in the light of the properties of the lunar soil [25]
between 9 and 11 µm, because it means that also the radiance and as a consequence the emissivity of
the lunar soil decreases by about 1%. We note the fact that HIRS observed the disk-integrated radiance
at non-zero phase angles of the Moon, i.e., the measured spectral energy distribution is the average
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over quite different angles of incidence and reflection. Hence, any systematic trends of brightness
temperature with wavelength seen by HIRS could differ from those shown in the plots by [25].

Figure 4. Position of the Moon in the along-track direction according to each infrared channel of
HIRS/4 on NOAA-19 during its intrusion in the DSV on 2012-03-04 at 5:07 UTC. The values are relative
to the position of the Moon in channel 19, and they are positive, if the pointing direction of a channel is
displaced in the flight direction. The relationship between the central wavelength of the channels and
the displacement is plotted as two different red lines for the SW and the LW channels. The channel
numbers are, from left to right: 19, 18, 17, 16, 15, 14, 13, 12, 11, 9, 8, 10, 7, 6, 5, 4, 3, 2.

Table 5. Average brightness temperatures and their standard deviations for channels 2–7 at different
phase angles of the Moon. The central wavelengths of these long-wave CO2 channels lie between 13.3
and 14.8 µm for HIRS/2, 3, and 4; their calibration has been studied in detail by [8].

Instrument Satellite Phase Angle <TCh2−7
B > σ(TCh2−7

B )

Degrees K K

HIRS/2 NOAA-11 −34.6 343.3 0.9
HIRS/2 NOAA-11 −40.1 335.3 0.9
HIRS/2 NOAA-11 −57.5 306.6 1.2
HIRS/2 NOAA-11 −70.8 282.5 1.0
HIRS/2 NOAA-14 −46.3 323.7 1.1
HIRS/2 NOAA-14 −51.1 310.8 1.1
HIRS/3 NOAA-15 +24.8 349.1 0.6
HIRS/4 NOAA-18 +23.8 348.1 0.8
HIRS/4 NOAA-19 −15.6 359.1 0.6
HIRS/4 Metop-B +34.8 343.8 0.5
HIRS/4 Metop-B +48.5 320.3 0.7
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The SW channels show an even stronger trend of increasing brightness temperature towards
smaller wavelengths than the LW channels. There are two reasons for this:

• At longer wavelengths one sees a temperature, which is close to the disk-average temperature of
the Moon, but at shorter wavelengths the radiance is dominated by the hottest (sub-solar) surface
areas on the Moon.

• At shorter wavelengths the share of reflected sunlight becomes larger. It should be subtracted
from the flux density that HIRS receives from the Moon, before one can analyze the
inter-shortwave-channel uniformity (see Section 3.2).

Our measurements prove that the inter-channel uniformity of the carbon dioxide sounding
channels has no systematic component larger than the random scatter of the measurements.
The measurements with HIRS are trustworthy.

3.1.4. Non-Linearity

The correct equation of calibration is needed for calculating the correct radiance and its uncertainty,
and therefore it is important to know, whether the relationship between counts and radiance is linear
or not. The HIRS operational calibration algorithm [27] sets all non-linearity coefficients to zero,
because their effect is supposed to be negligible. A detailed investigation of this question, however,
was only carried out for a few LW channels [10]. We use the observations of the Moon to derive
an upper limit on the non-linearity coefficient of most SW channels. In doing so we take advantage of
the fact that the sub-solar region of the Moon reaches temperatures of almost 400 K, i.e., more than
100 K above the temperatures of the black body and typical Earth scenes. The shortwave channels
have central wavelengths between 3.7 and 4.6 µm, where the radiance grows exponentially with
temperature according to Planck’s law for short wavelengths. This means that, when the DSV is
pointed at full Moon, the SW channels receive flux densities that are several times higher than those
the black body can provide. As the non-linearity term in the measurement equation increases with the
square of the counts, it must feature in observations of the Moon, if it is there at all.

For the calculation of the non-linearity term we follow the definition of [10]:

Rnl
Moon = ((

Rbb
Xbb − Xsp

− q · (Xbb − Xsp)) · (XMoon − Xsp) + q · (XMoon − Xsp)
2) · (dFOV/dMoon)

2/η (10)

with:
q = non-linearity
Rnl

Moon = radiance of the Moon after correction for non-linearity.

The non-linearity correction makes a difference dnl (in percent of the lunar radiance) of

dnl =
Rnl

Moon − RMoon

RMoon
· 100 =

q · (XMoon − Xbb) · (XMoon − Xsp) · (dFOV/dMoon)
2

RMoon · η
· 100 (11)

On 6/15, 1997, there was an intrusion of the Moon in the DSV of HIRS/2 on NOAA-14, and on
7/21, 2019, in the DSV of HIRS/4 of Metop-B. The phase of the Moon was in either case some 47◦,
therefore RMoon was almost the same. The FoV is different with the different versions—HIRS/2,
HIRS/3, and HIRS/4—but in each case big enough to fully include the Moon, and therefore big
enough to receive the flux from the whole disk. The situation is different, however, with the black
body, because this calibration reference has a larger diameter than any FoV of HIRS. Therefore the
flux received from the black body is proportional to the radius of the FoV squared. With other words,
because the DSV of HIRS/4 has only half the radius of the one of HIRS/2, the flux density obtained
from the black body Sbb of HIRS/4 is four times smaller than Sbb of HIRS/2. In the case we consider
here, where the Moon is observed at a phase angle of 47◦, it provides a similar flux density as the
black body of HIRS/2 does. This means, however, that the term XMoon − Xbb is close to zero, whereas
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the same term is much larger with the small FoV of HIRS/4, and dnl of all SW channels is more than
ten times higher for HIRS/4 than for HIRS/2—in case of channel 17 the ratio even amounts to 236.
Hence for an estimate of the non-linearity coefficient one can assume that the non-linearity is negligible
with the Moon intrusion of HIRS/2, and we take the fluxes measured with this instrument as reference.
They agree, however, within 1.5% with the flux values obtained with HIRS/4. Hence we conclude that
the non-linearity, if uncorrected, causes at most an error of this size with HIRS/4. The corresponding
upper limits for the values of q are given in Table 6.

Table 6. Upper limit of the non-linearity and the ratio of flux densities received from the Moon and the
black body for channels 13-17 of HIRS/4 on Metop-B.

Channel Central Wavelength Maximum Non-linearity Term Dynamic Range ( SMoon
Sbb

)

µm 10−8 mW m−2 cm sterad−1 counts−2

13 4.575 1.1 3.0
14 4.532 1.1 3.1
15 4.476 0.8 3.1
16 4.458 0.7 3.2
17 4.130 0.6 4.0

The non-linearity terms of channels 13–17 are at least a factor ten smaller than the pre-launch
values for the LW channels [10]. The shorter the wavelength, the larger the flux difference between
Moon and black body, and the tighter the constraint on the non-linearity coefficient. Our data are
compatible with q = 0 for all SW channels and lend support to the equation of calibration used in AAPP.
It is planned to extend the search for non-linearity effects to observations of the Moon at a variety of
phase angles in [21].

3.2. Reflected Solar Radiance

As the STD of the shortwave channels is so large that in the Antarctic June the observed radiance
for example in channel 19 is at the level of instrument noise [11], they are best used at daytime.
This rule applies also to observations of the Moon: When it is full, the reflected sunlight alone gives
already a satisfactory signal-to-noise ratio. In order to calculate its flux density, we assume that the
Sun is a black body with the temperature [28]:

Tblackbody� = Te f f� = (L�/σ)1/4 = 5778K (12)

with:
Te f f� = solar effective temperature
L� = solar absolute luminosity
σ = Stefan-Boltzmann constant.

This approximation is good enough for our purpose of getting an estimate of the contribution of
reflected sunlight to Earth or Moon scenes at wavelengths around 4 µm [29]. We want to demonstrate
that the thermal emission of the Moon in the shortwave channels can be determined accurately enough
by a correction of the measured flux density that only requires the reflectance of the scene and its
distance from the Sun. For this we assume that the Moon reflects 20% of the incoming radiation at
4 µm [25]. Table 7 gives the brightness temperatures of the Moon for three different phase angles
from the SW sounding channels of HIRS/4 on three different satellites. The reflected sunlight was
subtracted, taking the distance between the Sun and the Moon at the time of its intrusion in the DSV
into account. None of the measured brightness temperatures differs by more than 0.4 K from the
average value of channels 13–16, suggesting an even better inter-channel uniformity than with the
long-wave channels.
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Table 7. Brightness temperature of the Moon in the four channels with central wavelengths around
4.5 µm for three different phase angles. TB is the brightness temperature of the Moon after subtraction
of the reflected sunlight.

Phase angle Satellite Distance Sun-Moon TCh13
B TCh14

B TCh15
B TCh16

B Taverage
B

Degrees 1013 cm K K K K K

48.5 Metop-B 1.5228 338.45 337.89 337.91 338.02 338.07
70.6 Metop-A 1.4806 318.63 319.03 318.84 318.85 318.84
−73.1 NOAA-18 1.4883 312.92 312.66 312.44 312.51 312.58

The reflected sunlight is always less then 8% of the overall flux density received from the Moon in
the examples of Table 7, and the average temperatures given in the last column of this table are our best
estimate for the brightness temperature of the Moon in the shortwave range of HIRS. The Sun’s share
in the measured flux densities increases, however, towards shorter wavelengths, because the Sun is on
the Rayleigh-Jeans branch of the Planck function, and the Moon is on the Wien branch. Hence we can
now use the average brightness temperatures from Table 7 to calculate the radiance from the Moon at
the central wavelengths of channels 17–19, if there was no reflected sunlight present, and then calculate
the albedo of the Moon at these wavelengths from the difference between the actually measured flux
density and what we would get from the thermal radiation of the Moon alone. Here we assume that
no thermal radiation of the Moon is emitted by its night side, because it is very cold and on the Wien
branch of the Planck function. The results are listed in Table 8—all values are compatible with the
emissivity determined by [25] and do not vary much among the three channels 17–19. This consistency,
especially at the smallest phase angle, proves that the values for the albedo are close to the truth,
else they would change towards shorter wavelengths, where the ratio between emitted and reflected
infrared light shifts quickly in favour of the latter. A value for the reflectivity of the Moon at 4 µm that
is significantly larger than 20%, as for example proposed by [30], would cause larger inconsistencies
among the values in Table 8 and is therefore off the mark.

This method can be applied also the other way round, when the emissivity of an Earth scene is
known, for example when the satellite flies over the Sahara. In this case the unwanted contribution
from reflected sunlight to the overall signal can be subtracted, and the shortwave window channels
can supply trustworthy measurements.

Table 8. Contribution by reflected sunlight to the radiance obtained from the Moon ∆R and geometric
albedo p of the Moon at the central wavelengths of the three SW window channels with HIRS/4. TB is
the brightness temperature of the Moon after subtraction of the reflected Sun light.

Phase Angle TB ∆RCh17 pCh17 ∆RCh18 pCh18 ∆RCh19 pCh19

Degrees K 106 MJy sterad−1 106 MJy sterad−1 106 MJy sterad−1

48.5 338.07 3.31 0.23 3.54 0.23 3.85 0.23
70.6 318.84 3.04 0.20 2.92 0.18 3.08 0.17
−73.1 312.58 2.91 0.20 2.99 0.19 2.92 0.17

4. Discussion

The random uncertainty of our determination of the diameter of the FoV amounts to 2%,
but strictly speaking we have only proven that the relative proportions of the FoVs of the different
versions of HIRS are 1.4:1.3:0.7. Absolute values for the FoVs can only be calculated, if absolute
values for the radiance of the Moon are known with high accuracy. Existing models of the brightness
temperature of the Moon, however, have typical uncertainties of 5 K [31], and only few observations of
the Moon with other infrared sounders than HIRS have been analyzed and published. As the DIVINER
Lunar Radiometer Experiment on the Lunar Reconnaissance Orbiter did neither cover the wavelength
range between 3.0 and 7.5 µm nor from 8.6 to 12.5 µm, the measurements we present from HIRS must
be considered a unique source of information about disk-integrated brightness temperatures of the



Remote Sens. 2020, 12, 1488 16 of 20

Moon. Given the fact that values between 0.69◦ and 0.7◦ for the FoV of HIRS/4 are well established in
the literature, we are confident that our assumptions about the size of the FoV are correct.

The ratio of the lunar radiance from our observations close to perihelion and aphelion was 1.056
according to the measurements in channel 4 (14.2 µm). This value is very close to the 6% seasonal
variation in the Moon’s thermal emission found with CERES (Clouds and the Earth’s Radiant Energy
System) [32]. The solar flux that the Moon absorbs and also its emitted thermal flux are inversely
proportional to the square of its distance from the Sun.

√
1.056 = 1.028, which is quite close to the ratio

of the distances: 1.031. Detecting the effect of the eccentricity of the Earth’s orbit on the temperature of
the Moon’s surface with only two observations is an impressive demonstration of the performance of
HIRS, and we conclude that the brightness temperature of the Moon in the thermal infrared is 1%–2%
higher at perihelion than at aphelion for a phase angle of some 70◦.

According to [19] the channel to channel registration is less than 0.01◦ for LW and less than 0.007◦

for SW. These values do not agree with our findings: The pointing direction in the along-track direction
alone differs already by up to 0.031◦ among the long-wave channels of HIRS/4 on NOAA-19, and by
up to 0.015◦ among the shortwave channels, based on accurate measurements of when the Moon
came closest to the center of the FoV of each channel. The channel to channel registration in flight
is hence at least two times worse than claimed in the KLM User’s Guide for SW and three times for
LW. Our results, however, are very similar to actual measurements of the centroid location of the SW
channels of HIRS for NIMBUS F before launch [33]. The average pointing direction of all SW channels
differs by 0.026◦ from the direction of the LW channels in the along-track direction, therefore there
is a significant misalignment between the two groups of channels. As a consequence of this and a
possible misalignment in the along-scan direction as well, the Moon was never fully included in the
sounding shortwave channels in a third of the intrusions we found with the long-wave channels. This
problem is worst for HIRS/4, because of its small FoV. We attribute the misalignment to different
chromatic aberration of the lenses in the long-wave and shortwave optical paths and recommend to
take this defect into account in the design of similar instruments in the future.

The small, but significant differences among the brightness temperatures measured by the various
N2O and CO2 sounding channels contain information about the wavelength dependence of the
emission properties of the bulk material on the Moon. As the disk-integrated fluxes, however,
are the sum of areas with quite different distances from the “sub-Sun” and “sub-HIRS” point,
a thermo-physical model is needed to interpret our findings—a task that goes beyond the scope
of this article.

Our method is not able to reproduce the biases between different satellites detected by other
authors in the past [3,11], because we do not have observations of the Moon at exactly the same phase
angle with the satellite pairs they used. Besides, the uncertainty of a single observation of the Moon in
a given channel would have to be a small fraction of a Kelvin, and we cannot achieve that without a self
emission model for HIRS. We conclude, however, on the basis of our investigation into non-linearity
that any biases that may be present in the shortwave channels are rather caused by errors in the HIRS
spectral response function, as stated by [11].

Finally we mention the fact that a quite simple method for subtracting the contribution from
sunlight in the shortwave channels produced surprisingly good results: Only the reflectance of the
scene at the central wavelength of the channel and its distance from the Sun are needed. Hence
we believe this technique could easily be applied to HIRS Earth-viewing measurements where both
variables are readily available, such as from the study of surface emissivity and reflectance of northern
Africa at 11.1 µm, 8.3 µm, and 4 µm, which was carried out by [34]. Although the determination of
the reflected sunlight gets less reliable, when the Sun-scene-HIRS angle (phase angle when the scene
is the Moon) is close to 90◦, it should be good enough for most of the swath of HIRS, which extends
from −49.5◦ to +49.5◦ around nadir. The Metop satellites have a local equator crossing time of 9:30,
i.e., seen from the nadir pixel on Earth, the Sun has an hour angle of 37.5◦ when the satellite crosses
the equator - again a value much smaller than 90◦. This means that over tropical regions with known
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reflectance it should be possible to eliminate the reflected sunlight without major impact on the overall
uncertainty of the measurements.

5. Conclusions

The Moon has been observed with HIRS on many different satellites. We identified a few of
these observations that offered particularly illuminating information about basic properties of the
instrument. A basic calibration of the raw data was sufficient to characterize various effects with an
impact on the performance of the instrument. In some cases this concerned properties that have never
been determined in flight before. We have described the methods employed and given examples of
the accuracy that can be achieved. The accuracy of the measured brightness temperature of the Moon
might be further improved by correcting for the HIRS instrument self-emission [20].

Although it was not our intention to present a thorough study of all observations of the Moon from
all satellites that carried HIRS, we were able to fill some gaps in the knowledge about this instrument.
We ended the confusion about the size of the field of view, characterised how the co-registration of
channels depends on their central wavelength in flight, and supplied upper limits on the non-linearity
of the shortwave channels. All of these things are essential for a proper estimate of the uncertainties of
the data from HIRS and as well for judging its compliance with the requirements.

The Moon has also been observed with other infrared sounders, e.g., CERES [35] or IASI,
and therefore it offers unique possibilities for cross calibration. This includes comparisons with future
instruments like IASI—New Generation or the Meteorological Imager on Metop Second Generation.

The (disk-integrated) Moon data, obtained with different versions of HIRS in different wavelength
channels, are very consistent. Hence, they are well suited to verify/benchmark thermo-physical model
(TPM) techniques, which are widely used for (disk-integrated) thermal IR measurements of other airless
bodies (like asteroids, satellites, trans-Neptunian objects, or inactive comets). The benchmarked TPM of
the Moon would then also help to calibrate thermal IR instruments of other satellites, e.g., interplanetary
missions like the Origins Spectral Interpretation Resource Identification Security—Regolith Explorer
or Hayabusa2. Both of them have looked at the Moon during swing-by maneuvers with their IR
instruments to obtain an in-flight calibration [36,37]. We aim for a thermophysical model of the
Moon using the available global properties and also a well-established directional hemispherical
emissivity. This model will take the true observing and illumination geometries (as seen from the
satellites) into account. Eventually we intend to establish the Moon as a calibration reference with
empirical uncertainties for infrared instruments to evaluate their calibration accuracy and to assess their
long-term calibration stability. Similar efforts are already underway with microwave instruments [38]
and optical sensors in the framework of inter-agencies collaborations, for example at ESA [39] and
EUMETSAT [40].
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Abbreviations

The following abbreviations and mathematical symbols are used in this manuscript:

AAPP ATOVS and AVHRR Pre-processing Package
ATOVS Advanced TIROS Operational Vertical Sounder
AVHRR Advanced Very High Resolution Radiometer
BB Black Body
BT Brightness Temperature
CERES Clouds and the Earth’s Radiant Energy System
DSV Deep Space View
ESA European Space Agency
FoV Field of View
HIRS High-resolution Infrared Radiation Sounder
IASI Infrared Atmospheric Sounding Interferometer
IR InfraRed
ITT International Telephone and Telegraph
LW Long-Wave
Metop Meteorological operational satellite
NOAA National Oceanic and Atmospheric Administration
OSCAR Observing Systems Capability Analysis and Review tool
PRT Platinum Resistance Thermometer
s.s.p. sub-satellite point
SNR signal-to-noise ratio
sp space
STD STandard Deviation
SW ShortWave
TIROS Television InfraRed Observation Satellite
TOVS TIROS Operational Vertical Sounder
TPM Thermo-Physical Model
UTH Upper Tropospheric Humidity
∆R contribution by reflected sunlight to the radiance from the Moon
η total energy contained within a circle of 1.8◦, i.e., fraction of flux received that is not straylight
λ shifted, central wavelength of a channel
σ Stefan-Boltzmann constant
θ space view position relative to the orbital axis = 161.1◦ (pointing away from the Sun)
aij conversion coefficient (numeric counts to temperature)
b channel specific band-correction coefficient in the file calcoef.dat in AAPP
c channel specific band-correction coefficient in the file calcoef.dat in AAPP
c1 3.74 · 10−16 W m2

c2 1.44 · 10−2 K m
dFOV diameter of the optical field of view
dMoon diameter of the Moon as seen from the position of the satellite
dnl non-linearity correction as percentage of the measured radiance
G gain
I offset term in measurement equation
L� solar absolute luminosity
n number of platinum sensors on the black body
p geometric albedo
P orbital period = 101.5 min for NOAA-19
PRTi mean numeric counts associated to PRT number i
q non-linearity
R radiant flux density received by HIRS from the lunar surface
Rbb radiance of the black body
RMoon radiance of the lunar disk
Rnl

Moon radiance of the Moon after correction for non-linearity
Rsp radiance of the space target, zero for all channels
Sbb flux density obtained from the black body
SMoon flux density obtained from the Moon
t dwell time = 100 msec
TB brightness temperature of the Moon without reflected sunlight
Tbb temperature of the black body as measured with PRTs
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Te f f� solar effective temperature
Ti temperature of the black body as measured with PRT number i
T∗bb temperature of the black body after band correction
Tbr brightness temperature
Xbb average counts from the black body
XMoon average counts from the space target, Moon in FoV
Xsp average counts from the space target, no Moon in FoV
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