JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, D16S43, doi:10.1029/2007JD008824, 2008

Click
Here

Full
Article

High Resolution Dynamics Limb Sounder: Experiment overview,
recovery, and validation of initial temperature data

John Gille,"? John Barnett,’ Philip Arter,"* Marion Barker,’ Peter Bernath,®’

Chris Boone,® Charles Cavanaugh,2 Jonathan Chow,” Michael Coffey,2 James Craft,’'
Cheryl Craig,2 Michael Dials,l’8 Vincil Dean,! Thomas Eden,?> D. P. Edwards,>
Gene Francis,” Chris Halvorson,> Lynn Harvey,” Christopher Hepplewhite,’

Rashid Khosravi,> Douglas Kinnison,? Charles Krinsky," Alyn Lambert,>'°

Hyunah Lee,>'" Lawrence Lyjak,>'? Joanne Loh,' William Mankin,>"?

Steven Massie,” Joseph McInerney,l’2 Joseph Moorhouse,®> Bruno Nardi,>

Daniel Packman,”> Cora Randall,’ Jolyon Reburn, ' Wayne Rudolf,” Michael Schwartz,'®
John Serafin,® Kenneth Stone,"!> Brendan Torpy,1 Kaley Walker,®!©

Alison Waterfall,'* Robert Watkins,> John Whitney,3 13 Douglas Woodard,""!”

and Gregory Young'

Received 15 April 2007; revised 27 January 2008; accepted 1 April 2008; published 27 June 2008.

[1] The High Resolution Dynamics Limb Sounder (HIRDLS) experiment was designed
to provide global temperature and composition data on the region from the upper
troposphere to the mesopause with vertical and horizontal resolution not previously
available. The science objectives are the study of small-scale dynamics and transports,
including stratosphere-troposphere exchange, upper troposphere/lower stratosphere
chemistry, aerosol, cirrus and PSC distributions, and gravity waves. The instrument
features 21 channels, low noise levels, high vertical resolution, and a mechanical
cooler for long life. During launch most of the optical aperture became obscured, so
that only a potion of an optical beam width at a large azimuth from the orbital plane
on the side away from the Sun can see the atmosphere. Irrecoverable loss of
capabilities include limitation of coverage to the region 65°S—82°N and inability to
obtain longitudinal resolution finer than an orbital spacing. While this optical blockage
also impacted radiometric performance, extensive effort has gone into developing
corrections for the several effects of the obstruction, so that radiances from some of
the channels can be put into retrievals for temperature. Changes were also necessary

for the retrieval algorithm. The validation of the resulting temperature retrievals is
presented to demonstrate the effectiveness of these corrections. The random errors
range from ~0.5 K at 20 km to ~1.0 at 60 km, close to those predicted. Comparisons
with high-resolution radiosondes, lidars, ACE-FTS, and ECMWF analyses give a
consistent picture of HIRDLS temperatures being 1-2 K warm from 200 to 10 hPa
and within £2 K of standards from 200 to 2 hPa (but warmer in the region of the
tropical tropopause), above which HIRDLS appears to be cold. Comparisons show that
both COSMIC and HIRDLS can see small vertical features down to about 2 km
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wavelength. While further improvements in the data are expected, these data will allow
HIRDLS to provide important support toward reaching the Aura objectives.
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1. Introduction

[2] Space-based experiments have contributed much to
our knowledge of the stratosphere in recent years. These
observations have been characterized by large horizontal or
vertical scales, leaving a range of unobserved phenomena at
smaller scales. This is especially true at the tropopause, the
boundary between the troposphere and stratosphere, where
rapid vertical changes in temperature and composition have
been unobserved on a global basis.

[3] The High Resolution Dynamics Limb Sounder
(HIRDLS) experiment was designed to address problems
for which these scales are important. HIRDLS is a 21
channel limb-scanning infrared radiometer designed to
make global measurements at smaller vertical and horizon-
tal scales than have been previously observed, from pole to
pole, at altitudes of 8—80 km.

[4] Tt is the result of the collaborative efforts of scientists
and engineers in three groups: the Atmospheric, Oceanic
and Planetary Physics group from Oxford University in the
United Kingdom, the Center for Limb Atmospheric Sound-
ing of the University of Colorado at Boulder, and the
Atmospheric Chemistry Division of the National Center
for Atmospheric Research, also in Boulder. Work on
HIRDLS began with separate proposals to NASA in
1988. While some of the instrumental details were different,
their scientific objectives were similar, and the groups
agreed to work together on a single experiment. The
experiment was selected for flight as part of the Earth
Observing System (EOS) program, and later assigned to
the Aura spacecraft. Section 2 of this paper outlines the
scientific objectives of the experiment, and section 3 gives
a brief description of the most salient features of the
instrument.

[s] During launch an unfortunate accident occurred,
resulting in a blockage of most of the optical aperture,
significantly reducing the coverage and longitudinal reso-
lution. These are described in section 4. Section 5 notes the
effects of the blockage on the radiometric performance, and
provides a brief outline of the algorithms that have been
developed to correct for the blockage and recover some of
the radiances, followed by an outline of the retrieval
algorithm in section 6. A measure of the success of this
data recovery effort is demonstrated by the validation of the
present Version 2.04.09 temperature results, presented in
section 7. Section 8 describes the determination of the
vertical resolution of the HIRDLS data through compari-
sons with COSMIC data, while section 9 summarizes the
accuracy and precision of HIRDLS temperature at this
stage. The capabilities of the HIRDLS experiment and
future prospects are summarized in section 10.

2. Experiment Objectives

[6] The HIRDLS team’s starting point was the recogni-
tion that previous satellite experiments had successfully

observed dynamical and chemical phenomena in the strato-
sphere and above characterized by large horizontal or
vertical scales. For instance, many of the research instru-
ments that flew on the Nimbus series of satellites or the
Upper Atmosphere Research Satellite (UARS) were limb
viewers that provided higher vertical resolution (e.g., Limb
Radiance Inversion Radiometer (LRIR) [Gille et al., 1980],
Limb Infrared Monitor of the Stratosphere (LIMS) [Gille and
Russell, 1984] or Improved Stratosphere and Mesosphere
Sounder (ISAMS) [Taylor et al., 1993]), but had longitudi-
nal resolution limited to the orbital spacing of ~25°, and
also had short lives. Conversely, operational temperature
sounders of that era had a horizontal resolution of several
tens of kilometers, but their vertical resolution was only of
the order of a scale height (~7 km) or greater. (Since that
time, the Atmospheric Infrared Sounder (AIRS) on Aqua
has obtained vertical resolution of ~1 km in the tropo-
sphere, but increasing to 3 km from 300 to 30 hPa, and 5 km
from 30 to 1 mbar [Susskind et al., 2003]). Scientific
attention has recently put emphasis on the many processes
taking place on smaller scales.

[7] In addition, while these earlier limb sounders provid-
ed information above ~20 km, in general they did not
provide detailed observations of the region around the
tropopause. Thus, while there was considerable information
on larger-scale motions in the middle stratosphere, there was
a dearth of long-term data with high vertical and horizontal
resolution on dynamics and chemical composition around
the tropopause. HIRDLS was designed in part to address
this need.

[s] HIRDLS objectives were focused on these areas:
(1) small-scale dynamics and transports, including strato-
sphere-troposphere exchange, polar vortex filamentation,
and tropical barrier leakage; (2) upper troposphere/lower
stratosphere (UT/LS) chemistry, including the measurement
of species involved in the chemistry of ozone and its
destruction, radiatively active species, and long-lived spe-
cies that serve as tracers of atmospheric motions; (3) aerosol
and cloud amounts, distributions and properties, including
the location and heights of cirrus clouds and PSCs; and
(4) gravity waves, including sources, distributions, wave-
lengths, and their roles in atmospheric dynamics. As such,
these support the goals of the Aura satellite, which are to
determine whether ozone is recovering as expected, how the
climate may be changing, and the evolution of air quality.

3. Instrument Overview

[9] The technique of infrared limb scanning was pro-
posed to address these questions. In this method, introduced
by Gille and House [1971], the radiance emitted by the
atmosphere observed at the horizon or limb is measured as a
function of relative altitude. An algorithm processes the
radiances to retrieve temperature and trace constituents as a
function of pressure, incorporating the hydrostatic relation-
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Figure 1.

ship, over the range of altitudes for which there is a good
signal-to-noise ratio, but for which the signal has not
saturated. Gille and Russell [1984] and Taylor et al.
[1993] have described earlier experiments. A major advance
planned for HIRDLS was the performance of vertical scans
at several azimuths from the spacecraft (S/C) velocity
vector, to enhance longitudinal resolution. Gille and Barnett
[1992] gave an early description of the HIRDLS experi-
ment. In the following sections we give a brief overview of
the instrument in order to allow understanding of the
problems that subsequently ensued, and characteristics of
the resulting data. Gille et al. [2003] present a brief updated
description. A more complete treatment is planned for the
future.

[10] Figure 1 presents a schematic of the optical train.
Radiance from the selected altitude and azimuth at the
Earth’s limb enters through the aperture, which is wide
enough to allow scanning in azimuth from 21° toward the
Sun from the rearward orbital plane to 47° on the anti-Sun
side. The radiance is directed by the scan mirror to a
primary mirror, which brings it to a focus where it is
chopped against a reference of cold space. The radiance is
recollected by the secondary mirror, and directed by a
folding mirror to spectral band-defining filters, 2 lenses,
then through a second set of filters (to suppress stray light)
to the detectors, which are mounted on a heat-conducting
sapphire rod sealed in a dewar. The cold tip of the cooler

Optical schematic of the HIRDLS instrument.

(not shown) is connected to the sapphire rod by a flexible
link to prevent cooler vibration from affecting the detectors.
The flex link is in a vacuum housing that can be evacuated
to allow full operation in ambient conditions on the ground.
HIRDLS improvements on previous limb scanners, which
also are often areas of the most demanding requirements,
are listed here.

3.1. Number of Channels

[11] HIRDLS has 21 channels, which confer on it several
advantages over earlier limb scanners, at the expense of a
large and complex focal plane. It permits more species to be
measured, and thus provides better constraints on chemical
reaction chains as well as providing the distributions of
gases important to Earth’s radiative balance. It also allows
more channels to be devoted to gases whose signals in the
center of their bands saturate at low altitudes. Adding
channels in the more transparent band wings allows lower
altitudes, including the upper troposphere/lower strato-
sphere (UT/LS) region, to be sounded. In addition, channels
with minimal absorption by atmospheric gases can be used
to observe particulates, such as clouds and aerosols. Finally,
more channels can be devoted to temperature sounding,
which not only provides some redundancy in case of a
failure, but also yields better results. The channels and their
purposes are listed in Table 1. Edwards et al. [1995]
describe the channel selection process.
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Table 1. Spectral Channels

Spectral
Channel Purpose Band Pass (Half-Maximum Points, cm ')

1 N,O, aerosol 566.9-584.3

2 temperature 599.8-615.1

3 temperature 612.1-636.5

4 temperature 629.4—-652.7

5 temperature 657.1-680.8

6 aerosol 819.9-834.9

7 CFCl; 834.6—-850.7

8 HNO; 862.0-900.9

9 CF,Cl, 915.6-932.0
10 05 991.8-1008.5
11 03 1013.7-1044.0
12 05 1120.5-1139.7
13 aerosol 1202.6—-1221.4
14 N,O0s5 1230.5-1257.7
15 N,O 1255.9-1278.5
16 CIONO, 1279.2-1299.5
17 CH,4 1327.0-1366.0
18 H,O 1387.0-1432.2
19 aerosol 1401.4-1415.5
21 NO, 1585.2-1632.9

3.2. Vertical Resolution

[12] This is improved by making use of a vertically thin
detector that subtends ~1.2 km at the limb for the temper-
ature and most other channels (channels 18 and 20 are only
~0.9 km high). The channels are arranged in 3 columns of
7 detectors each. The images of the detectors are nominally
9 km apart, center-to-center, at the limb so the total vertical
height of a column is 55 km at the limb. Each detector
subtends 10 km in width at the limb. With the space
between the detector columns, the width of the total field
of view (FOV) is also 55 km.

3.3. Lower Noise

[13] The small vertical dimension results in low signals,
making low noise a prerequisite to useful retrievals.
HIRDLS employs photoconductive mercury-cadmium-
telluride (HgCdTe) detectors with very low noise (specified
to be a few times 10~* W/m?sr, depending on channel).
This is to be compared to signal magnitudes of order
0.1—1 W/m?sr. The low noise reduces the random errors of
the retrievals, as well as allowing weak signals to be seen to
higher altitudes, extending the vertical retrieval range at the
top and even at the bottom. It also allows signals vertically
close together to be distinguished. Moreover, by oversam-
pling by a factor of 4 or 5, with the low noise, a resolution
<1 km is possible by deconvolving the radiance profiles in
the manner described by Bailey and Gille [1986].

3.4. Precision Relative Pointing

[14] Gille and House [1971] pointed out that the relative
spacing between radiance samples was crucial to the
retrieval of temperature as a function of pressure, although
absolute pointing is much less critical. HIRDLS addressed
this in three ways. First, the temperature channels were
located one above the other in the central column of the
focal plane. In this position, any sensitivity to S/C or
instrument alignment is minimized. The dimensions of the
focal plane are stable, especially since it is kept at a constant
temperature. The temperature channels, projected to the
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limb, are vertically separated by a nominal 9 km, but the
actual separation was measured to an accuracy of 5 m
[Moorhouse et al., 2003] during calibration, better than
the required 15 m.

[15] Second, HIRDLS employs another technical advance,
an extremely accurate and precise encoder on the vertical
scan axis, meaning that all the radiance samples are spaced
very uniformly (£5 m at the limb). Given the vertical
radiance gradients, this gives an uncertainty in the radiances
that varies with altitude, but overall is comparable to noise,
so that neither source dominates.

[16] A third possible source of pointing error is due to
uncorrected rotation of the S/C around the scan axis. We
have used the S/C pointing information, which incorporates
information from the S/C inertial reference unit, with no
additional corrections.

[17] To guard against the possibility that S/C disturbances
might cause rotational motions too fast to be picked up by
its attitude information, HIRDLS includes 4 gyros, allowing
redundant measurements of S/C motion around 3 axes. To
date this information has not been incorporated in the data
processing.

3.5. Mechanical Cooler for Long Life

[18] Early limb scanners used solid cryogens to maintain
the detectors at ~62 K, which is necessary for their low
noise performance, especially at the long wavelengths. The
ISAMS instrument on UARS had a Stirling cooler [7aylor et
al., 1993], but failed early for other reasons. HIRDLS was
also designed with a split-cycle Stirling cooler for at least a
5 year design life.

3.6. Reduction of Scattered Radiation

[19] Because of the desire to view high altitudes and
measure small signals within a few degrees of the bright
lower atmosphere, extensive efforts were made to add
baffles and two sets of filters to reduce stray light and
ghosting. In addition, great stress was placed on optical
cleanliness, to avoid scatter by particulates on the mirrors.
To minimize the danger of rapidly moving debris in orbit
hitting the scan mirror, HIRDLS was designed to be
mounted facing rearward on the S/C. This meant that as
the orbit went across the pole in the Northern Hemisphere,
the aperture was pointing in the direction of the Sun. Fixed
and moving Sun shields were installed to prevent sunlight
from entering the aperture.

3.7. Radiometric Accuracy

[20] Radiometric accuracy was required to be <0.5% for
the temperature channels (1% for the other channels). This
placed very tight requirements on the instrument design,
and especially on the entire calibration, including the
blackbody targets, as well as the determination of the
normalized shapes of both the FOV and spectral response
functions to 1%. Barnett et al. [2003] gives an overview of
the calibration, in a facility at Oxford University built for
the purpose [Hepplewhite et al., 2003]. By clever design
of the facility and use of remote actuators, it was only
necessary to open the vacuum chamber once, and the
complete calibration, including some preliminary data eval-
uation, took place in less than 3 months. All the require-
ments on the radiometric, spectral and spatial calibration
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Figure 2. Schematic of aperture obscuration. The outer
edge of the irregular “hot dog” shape is the edge of the
aperture. Gray shading indicates approximate region
blocked by the obscuration. Only area open to external
view is at the extreme azimuth away from the Sun, but it is
not wide enough to accommodate a complete beam width at
any elevation and is narrower at the Earth side.

were met [Eden et al., 2003a, 2003b, 2005a, 2005b;
Moorhouse et al., 2003; T. D. Eden et al., Radiometric
calibration of the HIRDLS flight instrument from pre-
launch calibration data, manuscript in preparation, 2008a].

4. HIRDLS Launch Accident and Effects on
Coverage

[21] HIRDLS was launched on the Aura S/C on 15 July
2004 from the Western Test Range into a 705 km Sun-
synchronous orbit. After 24 days for outgassing from the
instrument and satellite, the coolers were gradually turned
on during the evening of 9 August, and reached the 62 K
detector operating temperature early on 10 August. At this
point the Sun shield door was opened, and the scan mirror
was commanded to perform an exploratory scan across the
entrance aperture, including the atmosphere, for ~10 min.

[22] The first measurements were much different from
what was expected. The radiance signal was much larger,
and was much more vertically uniform than expected from
the atmosphere and space. There was a region at the
azimuth furthest from the Sun and orbit plane where the
signal was a bit lower, and had more vertical variation.
Clearly there had been a serious malfunction.

[23] The HIRDLS team, working with a NASA review
board, established that an obstruction in the optics was
blocking the view from the scan mirror to the aperture, as
well as the view to the in-flight blackbody calibration target
(IFC), preventing radiance from outside the aperture or the
IFC, from reaching the detectors. Subsequent attempts to
understand and simulate what happened suggest that there
was air between the 2 layers of a plastic (Kapton™) film
used to line the optical cavity to maintain cleanliness.
During the depressurization at launch these layers could
have separated, with the inner one contacting and being
punctured by a sharp feature on the back of the scan mirror.
Once cut, a tear in the plastic could propagate very rapidly,
thus creating a flap from the inner layer. The force on it
during the maximum acceleration of the launch rocket could
have pulled it in front of the scan mirror. Efforts to move the
blockage by various motions of the scan mirror were not
successful.

[24] Scans in azimuth confirmed that at the azimuths
furthest from the orbital plane there was a partial view out
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past the blockage. The situation is indicated schematically
in Figure 2. This illustrates several key things that have
been established. The blockage covers most of the aperture,
with the only clear area being at azimuths furthest from the
Sun, or furthest left when looking backward along the orbit.

[25] The most definitive effect of the blockage is the
effect on horizontal coverage. Useful scans can only be
made at the largest view angle away from the Sun, or a line
of sight (LOS) of 47° on the anti-Sun side of the orbital
plane, looking backward. Figure 3 makes clear the three
effects this has on the coverage. Most obviously, it limits
longitudinal resolution to the orbital spacing of 24.72°.
Second, it prevents coverage south of 65°S, or north of
82°N, (resulting in global coverage similar to that of LIMS
[Gille and Russell, 1984]). Finally, it precludes simulta-
neous measurements with other Aura or A-Train instru-
ments at nearly the same time. Some locations can be seen
on a preceding or following orbit, however. The next
section addresses the question of whether the atmospheric
signals seen through the partial opening at the extreme
azimuth can yield useful scientific data.

5. Algorithms for the Recovery of Radiometric
Data

5.1. Introduction

[26] The losses of coverage are clearly losses of capability
from which there does not appear to be any recovery.
However, there is some recovery from the radiometric
effects of the obscuration. The partial blocking of all beams
means that the signals from the atmosphere are reduced,
correspondingly reducing the signal-to-noise ratio (S/N),
and at the very least reducing the altitudes to which useful
results can be obtained. In this section we provide a brief
overview of the methods developed to recover some of
these measurement capabilities. A measure of their validity
will be shown by the results for temperature, contained in
section 6.

[27] Henceforth, any reference to scans should be under-
stood to be vertical scans only, at the azimuth LOS angle of
—47° from the plane containing the negative velocity
vector. As illustrated in Figure 2, the beams from all
detectors are out of focus at this position, and are much
larger than the opening at any elevation including the
“space view” where the opening is largest. Thus, at any
elevation angle there is signal from the obstruction, the sum
of what it reflects from the interior of the instrument and
what it emits at its own temperature. At the upper end only
space can be observed through the opening, and the entire
signal comes from the blockage. At the earthward end of the
scan the atmospheric signal is added to the blockage signal.
Thus, on a downward scan the signal will increase as more
blockage is seen, then increase further and more rapidly as
the atmospheric signal comes into view. In addition, motion
of the scan mirror causes the blockage to vibrate, resulting
in an oscillatory component of the signal.

[28] In order to provide an explanation of some of the
characteristics of the HIRDLS retrievals of temperature and
trace species, we provide a brief outline of the algorithms
that have been developed to correct for the effects of the
blockage. Full details will be presented elsewhere.
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3—rb|’t Coverage

MLS

Figure 3. Coverage of postlaunch HIRDLS instrument (red), showing three orbits. The view is at a line
of sight angle 47° from the negative velocity vector, on the side away from the Sun. The large azimuth
angle precludes simultaneous observations of the same locations with other Aura or A-Train sounders
viewing in the orbital plane. As an example, the comparison to the MLS scan track (green), in the plane
of the Aura orbit, shows it viewing near same region in midlatitudes of the descending portion of the orbit
as HIRDLS on the preceding orbit. On the ascending portion of the orbit the HIRDLS scan track lies
between MLS scan tracks for the previous and the same orbit.

5.2. Strategy for Dealing With the Blockage

[29] At the top level, the approach is to correct the
incoming signals to provide radiances as close as possible
to those from an unobstructed instrument. This requires that
the signals first be converted to calibrated radiances, repre-
senting the signals from the atmosphere or space in the open
area plus the signal from the blockage. The next steps are
illustrated in Figure 4 where Figure 4a indicates channel 3
calibrated radiances from a scan when the S/C is in its
normal Earth-viewing orientation (NO), plotted as a func-
tion of the mirror elevation shaft angle. (HIRDLS conven-
tion is to measure eclevation angles positive toward the
Earth.) The upper portion is a view to space. Scanning
downward, around —0.3° some atmospheric signal begins
to be seen, followed by a steady and steeper rise, continuing
to the bottom, with a notch near +0.2° due to the cold
tropical tropopause. Channel 3 is sufficiently opaque at the
lower levels that no variable cloud signals are seen. The
oscillation can just barely be seen in the signal.

[30] In Figure 4b the oscillation has been removed,
leaving the signal from the blockage plus atmosphere,
denoted R. Next the estimated radiance from the blockage,
termed Rg, the radiance when there is only space in the
opening, is estimated and subtracted, leaving just the
atmospheric component. Since this is only from the unob-
structed part of the beam, it must be divided by D, the
fractional open area (FOA) (Figure 4c), to obtain a full beam
radiance. The final corrected radiance is thus Rc =(R — Rg)/D.
These corrections are outlined below.

5.3. Calibration

[31] To maintain the radiometric accuracy in orbit, it was
planned to view space at the upper ends of the limb scans,
determining the radiometric offset on each scan for each
channel. Once a minute the scan mirror was to be turned to
view the IFC by way of the IFC mirror; the difference
between this and the offset measurement leads to the gain.
To convert the measured signals to radiances, it is necessary
to apply the calibration equation [Eden et al., 2005b]

R = Birc/(Siec — So){(S — So)[1 + k(S — So)]}

where S are the measured signals, with subscripts 0 and IFC
indicating views to space and the IFC, whose blackbody
radiance is Bjpc, and k is the quadratic term determined
during calibration.

[32] Since neither a view to space nor the IFC is possible,
another approach had to be developed. Data taken during
ground calibration at Oxford, when HIRDLS was viewing a
liquid nitrogen target, showed that the space view signal S,
could be calculated to 1-5 counts from the temperatures of
the 4 reflecting surfaces (primary, secondary, back of
chopper blade, and space view mirror) in the optical path
(Eden et al., manuscript in preparation, 2008a). Since the
full range signals are set to >40,000 counts, this is a
negligible contribution to the error.

[33] In orbit Sipc cannot be measured, but the quantity
Birc/(Sirc — So) is the gain G of the system, which was
determined as a function of the detector temperature Tp
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