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Spectral Characterization of the HIRDLS Flight
Instrument From Prelaunch Calibration Data

Thomas Eden, Jr., John Barnett, John Gille, Karim Djotni, Chris Hepplewhite, Olusoji Oduleye, and John Whitney

Abstract—Results from an instrument-level spectral characteri-
zation of the 21-channel High Resolution Dynamics Limb Sounder
(HIRDLS) flight instrument will be presented. These data were
obtained during the prelaunch calibration of HIRDLS at the
University of Oxford (fall 2002). A monochromator, equipped with
a controllable diffraction grating, was used to produce monochro-
matic light for these tests. The monochromator was housed, along
with HIRDLS, in a large vacuum chamber. The monochromator
was also equipped with a polarizer, which allowed data to be
acquired at known polarizations for each channel. A calibration
detector, with a flat spectral response, was used to measure the
output from the monochromator. This paper will document the
analysis procedures used to obtain a measured instrument spectral
response for each channel, along with the associated error analyses
for these measurements.

Index Terms—Diffraction grating, monochromator, polariza-
tion, spectral.

I. INTRODUCTION

HE HIGH Resolution Dynamics Limb Sounder

(HIRDLS) is a 2l-channel infrared limb-scanning
filter radiometer currently flying in orbit on the National
Aeronautics and Space Administration (NASA) Earth
Observing System Aura satellite. The conceptual design of
HIRDLS was described in detail elsewhere [1]. The prelaunch
calibration of the HIRDLS protoflight model occurred during
fall 2002, at the University of Oxford, U.K. As part of this
calibration exercise, an end-to-end instrument-level spectral
calibration was performed. The HIRDLS instrument spectral
response is primarily the product of the detector response and
transmissions of several instrument components that make up
the lens assembly, namely, the warm and cold band-defining
interference filter assemblies, and the two germanium lenses
located between the warm and cold filter assemblies. All
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reflective elements (i.e., scan mirror, primary and secondary
mirrors, and folding mirror) in the optical chain contribute
negligibly to any temperature-dependent spectral response
shape change or losses in transmission. Prior to this prelaunch
calibration, there were individual measurements and spectral
responses calculated for each filter element set [2]; however,
no subsystem measurements were ever performed.

The HIRDLS instrument was contained under vacuum, in a
large vessel that was sizable enough to include calibration test
equipment (TEQ) used to perform various tasks during the cali-
bration exercise. For the spectral characterization of HIRDLS, a
monochromator, equipped with a diffraction grating, was used
to supply monochromatic light for these tests. The conceptual
design and operation of the monochromator were also covered
in a previous article [3].

For this end-to-end instrument spectral calibration, a conser-
vative error budget was obtained for the measured instrument
spectral responses derived from calculations of retrieval sensi-
tivity to spectral response errors. The following error require-
ments were based on relative-response points (RRPs), where
the response is a percentage of the peak response (Fiax)-

1) Any relative spectral response measurement (defined as
the ratio between the spectral response at a particular
wavenumber and the maximum spectral response value
for that channel and denoted in the text as F(7)/Fax)
between the 1% RRPs cannot have an error greater than
1.0%, with three samples per resolution element, at an
absolute spectral accuracy of 0.2 cm™! (one sigma).

2) The error in the relative spectral response between the 1%
and 0.2% RRPs must not be greater than 100%.

3) Any detector spectral response measurements over the
range of 400-2500 cm ™! (operating spectral range of the
monochromator) and outside 0.2% RRPs are considered
to be out of band. Here, any out-of-band response is
considered to have its response greater than 0.1% of the
peak in-band response Fi,.x, With a spectral resolution
of 5% or better and a spectral accuracy of 10 cm™!.
This paper will not cover any results of the out-of-band
measurements. However, what can be stated is that these
out-of-band responses were very small and quite negligi-
ble. The dual-band interference filter arrays, implemented
on the HIRDLS flight model, were designed specifically
to greatly suppress out-of-band responses, which could
impact the ability to retrieve data products at higher
altitudes (low signal).

There were two main sources of temperature-dependent be-

havior that were characterized during the spectral calibration.

1) The relative response of the detectors will change depend-
ing on the detector focal-plane array (FPA) temperature.

0196-2892/$26.00 © 2010 IEEE
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TABLE 1
NOMINAL-OPERATING-CONDITION SPECTRAL CHARACTERISTICS FOR
THE 21 HIRDLS CHANNELS. 50% RRP SPECTRAL BANDPASS RANGES

AND WEIGHTED-MEAN WAVENUMBERS WERE DETERMINED FROM THIS
PRELAUNCH INSTRUMENT SPECTRAL CALIBRATION EXERCISE

Principal Spectral Weighted Mean
Channel Emitting Bandpass Wavenumber

Number | Constituent (em~1) (em™1)
1 N>O 566.87-584.29 575.09
2 CO2 599.82-615.11 607.30
3 CO2 612.06-636.52 623.84
4 CO2 629.44-652.73 640.87
5 CO2 657.09-680.81 668.85
6 Aerosols 819.89-834.94 827.26
7 CFCl3 834.61-850.64 842.53
8 HNO3 861.96-900.82 881.28
9 CF2Clo 915.59-931.99 923.77
10 O3 991.79-1008.49 1000.10
11 O3 1013.70-1043.96 1028.75
12 O3 1120.41-1139.69 1130.29
13 Aerosols 1202.61-1221.42 1212.10
14 N20s5 1230.47-1257.60 1243.86
15 N2O 1255.93-1278.48 1267.43
16 CLONO2 1279.19-1299.48 1289.32
17 CHy 1327.04-1366.05 1346.38
18 H20 1386.95-1432.21 1409.37
19 Aerosols 1401.38-1415.50 1408.30
20 H20 1428.38-1532.57 1480.55
21 NO2 1585.19-1632.92 1608.96

The cold filters are in direct thermal communication with
the FPA; therefore, any increase in the FPA temperature
during the life of the mission due to cryocooler degra-
dation may cause changes in the spectral response shape
for a given channel. Instrument-level spectral responses
were obtained for all 21 channels at FPA temperatures of
~61 K (nominal) and ~71 K.

2) The warm spectral bandpass filter shapes are not expected
to deviate significantly if thermostating drifts a few kelvin
away from the controlled zonal heater temperature setting
of 301 K. If thermostating of the warm-filter assembly
and germanium lens #1 had degraded and was good
only to, for example, 291 K, then the instrument spec-
tral responses will need to be recharacterized; therefore,
spectral response measurements were carried out at 291 K
and Trpa ~ 61 K.

Because of the limited time allocated for calibration, the
number of off-nominal instrument spectral response measure-
ments was concentrated mainly on the two conditions listed
previously. Due to many factors, performing spectral measure-
ments during calibration was very time consuming. A finer grid
of measurements was originally envisaged over smaller off-
nominal instrument temperature changes; however, what was
accomplished has proven to be quite sufficient in characterizing
the spectral performance of HIRDLS.

This paper will describe in detail how the HIRDLS in-
band spectral response function was developed and obtained
from the data analysis. Special consideration will be given to
problems that were not anticipated during the data-analysis
stage. Finally, a complete description of the statistical and sys-
tematic error analyses will conclude this paper. The principal
emitting constituents, the 50% RRP spectral bandpass ranges,
and the weighted-mean wavenumbers, as determined from this
calibration exercise for each of the 21 HIRDLS channels, are
shown in Table 1.
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II. DEFINITION OF A HIRDLS SPECTRAL RESPONSE

The basic definition of the HIRDLS spectral response as a
function of wavenumber F'(7) can be written as

__ Lu®@)
F@) = T @)’

Here, L is the HIRDLS-detected channel radiance as a func-
tion of 7, and Lyypg is the incident flux of monochromatic
radiance, emitted by the monochromator, as a function of 7.

A broadband hot source was used as the radiation source
from which the monochromatic radiation was produced. Phys-
ically, the source was an electrical substrate cartridge type,
manufactured by Heatwave, Inc., with a coated surface using
molybdenum. The source could operate between ambient tem-
perature and 1200 °C. The resulting monochromatic radiation
that is incident on a detector had a typical bandwidth (defined
by an exit slit) of 0.2-0.3 cm~! and should fill the aperture-
defining solid angle and detector field of view. This bandwidth
determined the data-point spacing across the passband for each
channel.

When viewing the monochromator exit slit, the imping-
ing radiation was dispersed by the diffraction grating, along
with emissions from other internal monochromator assembly
surfaces. To monitor the monochromator background signal,
a controllable shutter mechanism was used. The mechanism
was located between the monochromator hot source and the
entrance slit, just prior to the diffraction grating. With this
device, views of the exit slit with open and closed states of
the shutter were permitted, where the background signal levels
were monitored with the shutter closed state. By taking the dif-
ference between these two shutter states at a given wavenumber
setting, (1) can be rewritten as

(D

F(?) o ALH(f)

= —— 2
ALIMR(ﬁ) 2)

where ALy () = LY (v) — Ly**d() and ALiwr(P) =
LY () — Lkt (7).

The radiation exiting the diffraction grating was polarized.
An unpolarized HIRDLS spectral response was generated for
each channel by taking data at two successive orthogonal
polarization-step settings of the monochromator polarizer. For
convenience, these settings are defined to be horizontal (h) and
vertical (v), where, physically, the electric-field vector of the
exiting radiation was aligned with the polarizer setting. The
unpolarized HIRDLS response is then the sum of these two
polarized responses

ALy (V)
ALjyg (V)

ALy (@)

Fo) = ALfyg (@)

3)

The radiances shown in (1) are procured from digitized signal
counts (5), with knowledge of detector gain (G). For any
HIRDLS channel in question (for both v and h)

L) = 24 @

and for the calibration detector used to monitor the flux of
monochromatic radiance from the monochromator (neglecting
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Fig. 1. Raw in-band spectral data for HIRDLS channel 6 at a polarization-

step setting of p = 92 (vertical). (Top panel) Raw in-band response for
the entire passband (i.e., between the 0.1% RRPs, which corresponds to a
wavenumber passband of 808.5-846.6 cm 1) in counts versus HIRDLS time.
(Bottom panel) Exploded view of a smaller section of the top panel.

the polarization-step setting)

Livr (V) = Son ()

=7 5
GopFop (D) ©)

Here, Fop(7) is the measured spectral response of the cal-
ibration detector. The calibration detector gain G¢p has a
commanded gain setting depending on the passband and
polarization-step setting. The HIRDLS detector gain Gz is ob-
tained from an instrument radiometric calibration. Equation (3)
can now be rewritten as

Fo) oo (S5t

Note that GY = G, and is not a commandable-type gain,
which could very well be omitted from this derivation, but
remains for the sake of completeness.

Although there were no specific requirements, the two terms
on the right-hand side of (6) should contribute equally to F'(7).
There will be more on this topic in Section I'V-C.

AStp ()G )

III. EXPERIMENTAL CONDITIONS AND DATA ACQUISITION
A. HIRDLS In-Band Spectral Responses

A raw in-band spectral data sample for HIRDLS chan-
nel 6 is shown in Fig. 1. These data were obtained under
nominal FPA and lens #1 operating conditions, i.e., Tppa =~
61 K and Tiens1 =~ 301 K, respectively. The top panel dis-
plays the raw response over the entire passband in counts
against HIRDLS time, which used an appropriate order-sorting
(OS) filter, for a vertical polarization-step setting (p = 92;
the horizontal polarization-step setting was p = 36). Note that
these polarization-setting values have no physical significance,
denoting only horizontal or vertical polarizer angle settings.
The data-acquisition rate was 500 Hz, which yielded a data
bandwidth acceptance of one selected detector response in the
data stream. An exploded view of a portion of the data pattern
is shown in the bottom panel. The in-band response changes
in time due to two different mechanisms: monochromator
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shutter movement and grating position change. The shutter
movements and grating position steps were controlled by an
external computer that was synchronized to an 83-Hz clock
from HIRDLS. The periodic pattern was generated by control
commands contained in an input-command matrix executed on
the external computer, where prescribed incremental grating
position steps occurred during shutter-closed and “big-toothed”
shutter-open events. Data were acquired between the 0.1%
RRPs, at a resolution between 0.2 and 0.3 cm ™~ for all channels.
The in-band spectral response and its associated total error
(statistical and systematic) were reported and used for each
channel between the 0.2% RRPs.

Most of the HIRDLS-polarized in-band spectral response
data (including the data run shown in Fig. 1) were acquired
with the use of an optical OS filter, which was located after the
diffraction grating and before the monochromator entrance slit.
These filters rejected higher ordered diffracted photons of order
A/n, where n = 2, ..., co. Data were also taken without the
OS filter in place and were important in verifying TEQ artifacts
that appeared in the HIRDLS in-band responses.

An important set of HIRDLS in-band spectral response
data was obtained using a filled gas cell, also located after
the diffraction grating. These data were useful in verifying
the transformation algorithm for putting the HIRDLS in-band
response onto a wavenumber grid. Locations of known dis-
cernible absorption features in the HIRDLS in-band response
were compared to laboratory data for a given gas cell. More
details will be given in Section IV.

Prior to calibration, the manufacturer of the monochromator
(Bentham, Ltd.) calibrated the sine drive (grating rotation angle
against step motor movement) with a He—Ne laser positioned
along the principal axis of the monochromator. Reported errors
at the three-sigma level were less than 0.1 cm~! and typically
0.02 cm™*.

B. Monochromator Calibration Detector Responses

A similar data-taking procedure was utilized to monitor the
output of the monochromator. A triglycine sulfide (TGS) ther-
mistor bolometer detector was employed for this task and was
physically located outside of the monochromator with a view of
the exit slit by way of a flip mirror. For each polarization setting
and selected OS filter, data were acquired over the same pass-
band range as that of its HIRDLS in-band response counterpart.
The resolution of the TGS calibration detector response over
the measured passband range was more coarsely gridded than
its HIRDLS counterpart because fine-structured behavior from
the monochromator was not a concern. Monochromator shutter
and grating-step movements were controlled by an external
computer with a command-input matrix, which is similar to that
used in obtaining HIRDLS spectral response data.

Prior to calibration, the same monochromator TGS cali-
bration detector went through a spectral measurement over
the HIRDLS spectral range of 6-18 pum. The measurements
were performed at the National Physical Laboratory (NPL)
in England. A plot of the measured spectral response of the
monochromator calibration detector from the NPL calibration
is shown in Fig. 2. The filtered response (solid red line) was
obtained by applying a low-pass filter to the data. This filtered
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Fig. 2. Monochromator calibration detector spectral response (in relative-
response units against wavenumber).

response (Fcp) was used in the eventual data analysis to obtain
the final unpolarized responses.

C. Experimental Conditions

Spectral data were acquired at the following three different
experimental conditions.

1) Nominal in-orbit operating conditions: Trpa ~ 61 K and
Ttens1 = 301 K.

2) Off-nominal test #1 conditions: Tgppa ~ 71 K and
T1,ens1 = 301 K. The intent here was to examine any
channel-dependent spectral response behavior for a 10-K
increase in the FPA temperature.

3) Off-nominal test #2 conditions: Tgppa ~ 61 K and
T1ens1 = 291 K. This test was initiated to examine any
channel-dependent spectral response changes due to a
decrease in the lens #1 temperature and corresponding
cooling of the warm-filter assembly.

The time and effort required to implement these tests were
extensive. If conditions in orbit strayed away from the nominal
FPA and lens #1 temperature settings, the appropriate off-
nominal-condition data would be used to adjust our spectral
responses, channel by channel. However, for most channels, the
spectral response shapes were invariant to these thermal changes.

IV. DATA ANALYSIS

The first step in analyzing the raw in-band spectral responses
was to perform a difference analysis (shutter open minus shutter
closed) as a function of the diffraction grating position. An
important detail to this analysis was being able to map the ex-
ternally controlled input-matrix commands onto HIRDLS time.
Even though the matrix input was synchronized to the 83-Hz
clock of HIRDLS, absolute knowledge of where the command
matrix starts and where all movements of the monochromator
shutter and diffraction grating mechanisms occur in HIRDLS
time was essential for performing this phase of the analysis,
which will be called Step 1. Additional information needed by
the analysis software was extracted from the Science Algorithm
Implementation Language diagnostic block, which was located
in the HIRDLS science data stream. This datum, which was
recorded at a rate of 1.3 Hz, contained important information
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Fig. 3. Results from the Step-1 analyses of raw in-band spectral responses

(in counts against wavenumber) for HIRDLS channel 8. (Top left) Spectral
response with an OS filter at p = 92. (Top right) Spectral response with an OS
filter at p = 36. (Bottom left) Spectral response without an OS filter at p = 36.
(Bottom right) Spectral response with an NHg gas cell and without using the
OS filter, at p = 36.

concerning the experimental conditions of the monochromator
during a given data-acquisition run.

For each grating position, a statistical mean was calculated
for each state of the shutter, and a resulting difference was
computed. Finally, the grating position was then converted into
wavenumber. The results from a series of in-band spectral runs
for HIRDLS channel 8§ (HNOj3 channel) are shown in Fig. 3.
The top two panels in Fig. 3 show data runs using an appro-
priate OS filter at the two intended orthogonal polarization
settings. In each spectral response, there are high-frequency
periodic wave structures spanning most of the passband. These
structures emanated from the TEQ, namely, reflections from
the OS filter substrate surfaces. The next analysis step dealt
with the removal of these artifacts from the HIRDLS spectral
response (see the next section for details). The bottom left
panel in Fig. 3 shows a data run where an OS filter substrate
was not used. Notice the existence of the low-amplitude high-
frequency structures in this spectrum. Because the OS filter was
not used, these structures are attributed to surface reflections
from the polarizer; accordingly, these structures must also be
identified and removed. Finally, the lower right panel in Fig. 3
shows a data run using an NH3 gas cell. The spectral response
exhibits discernible absorption features that can be compared
to known laboratory transmission spectra. The detected and
predicted absorption peak locations for channel 8 are shown in
Table II. All detected peak locations in Table II agree with the
corresponding predicted laboratory absorption peak locations to
within the data resolution of the measurement, which was nom-
inally 0.25 cm™!. These results verify the method employed
for transforming the spectral response onto a wavenumber grid.
Further reinforcement of the accuracy of this technique was
observed in the analyses of other channels that had gas-cell runs
with recognizable absorption features.

A. Step 2: Removal of TEQ-Induced Spectra

Because we are seeking an unpolarized HIRDLS in-band
spectral response for each channel, the periodic wave structures,
as seen in Fig. 3, must be removed from the “true” HIRDLS
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TABLE 1II
DETECTED ABSORPTION PEAK LOCATIONS IN THE CHANNEL-8
SPECTRAL RESPONSE, AS SHOWN IN THE BOTTOM RIGHT PANEL IN
FIG. 3. THESE VALUES ARE COMPARED TO KNOWN LOCATIONS
OBTAINED FROM LABORATORY TRANSMISSION SPECTRA. THE LAST
COLUMN IS A DIFFERENCE BETWEEN THE TWO VALUES. ALL VALUES
ARE WITHIN THE NOMINAL DATA RESOLUTION OF 0.25 cm ™!

Detected Location | Predicted Location Offset
(cm™1) (em™1) (em—1)
867.7 867.5 0.2
872.3 872.1 0.2
887.8 887.6 0.2
891.9 891.8 0.1
Ch.8, p=92, Filter In Ch.8, p=236, Filter In
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Fig. 4. Step-2 analyses of the in-band spectral responses for HIRDLS
channel 8. (Top left) Fourier transform of the channel-8 spectral response
(counts against wavelength point), with an OS filter, for p = 36. (Top right)
Fourier transform of the channel-8 spectral response (counts against wavelength
point), with an OS filter, for p = 92. (Bottom left) Power spectrum of the
top left FFT spectrum (counts® against wavelength). (Bottom right) Power
spectrum of the top right FFT spectrum (counts? against wavelength point). In
the bottom plots, the peak centered at ~0.45 cm represents the wavelength that
contributes mostly to the periodic features observed in the channel-8 responses
in the top panels in Fig. 3.

spectral response line shape. As discussed earlier in Section IV,
these high-frequency features are artifacts of the TEQ, i.e., the
OS filter and the polarizer. The following two techniques were
tested to eradicate these spectra:

1) frequency-domain fast Fourier transform (FFT) filtering;
2) modulated sinusoidal wave fitting.

For this application, the FFT filtering scheme had been
employed for these analyses and will be described here.

Owing to the fact that the TEQ spectra were periodic in the
wavenumber space, the FFT filtering method seemed to be a
logical choice for understanding these spectra and their effec-
tive removal. Indeed, if an FFT was performed on these spectral
responses, these TEQ spectra should be readily identifiable.
This idea is confirmed in Fig. 4. The top two panels in Fig. 4
show the results of performing an FFT on both polarized re-
sponses for channel 8. Note that the absolute value of the com-
plex Fourier coefficients is plotted in the wavelength domain.
What is immediately noticeable about these results are the
structures located between the 20 and 120 wavelength points.
These peaks represent where the TEQ spectra reside in the
wavelength-point space. In particular, the peak at ~45 wave-
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Fig. 5. Step-2-polarized FFT-filtered spectral responses (counts against
wavenumber) for HIRDLS channel 8. (Top panels) FFT-filtered spectral re-
sponses using an appropriate band-reject filter (as described in the text) to
remove only those wavelength points correlated with the contributions from
the OS filter. (Bottom panels) FFT-filtered spectral responses using a band-
reject filter. These polarized HIRDLS responses will be used to assemble the
unpolarized responses.

length points is produced by the OS filter. This notion can
be substantiated by fitting a modulated sinusoidal wave to
these spectra in the Step-1 spectral responses. Results from
the fits to the channel-8 polarized spectral responses revealed
that the fitted angular parameter was ~0.45 cm, which is also
observed in the power spectra as a function of wavelength
(see bottom panels in Fig. 4). All other relevant structures at
higher wavelength-point numbers, up to the Nyquist partition,
originate mostly from the polarizer.

By using an appropriate filter on these FFT spectra, all
unwanted higher wavelength structures are effectively removed
from the basic spectral response line shape. In this analysis, a
high-order Butterworth low-pass filter was used to perform this
exercise. The mathematical form of the low-pass filter function
fip is given by

fip(w) =1+ (x/Acut)n]_l . (7N

Here, z is the wavelength point, \.; is the cutoff wavelength
point, and n is the filter order. The results presented here
used n = 16 in (7) for all channels. To remove the wavelength
components emanating only from the OS filter, a band-reject
or notched filter was devised. This notched filter was produced
from a high-pass Butterworth filter [i.e., fup(z) =1 — fip(2)]
and summed together with (7). The results are shown in Fig. 5.
The top panels in Fig. 5 demonstrate the effectiveness of using
this band-reject filter in removing only the OS filter contribution
to the spectral responses. Note the similarity of the p = 36
spectral response (top left panel) to the one shown in the bottom
left panel in Fig. 3. The bottom panels in Fig. 5 show the
spectral responses with all TEQ artifacts removed using (7).
These polarized responses are now ready to be used to obtain
the unpolarized spectral response.

B. Removal of Detector Nonlinearities

It is appropriate, at this time, to mention the process of
removing detector nonlinearity from the spectral response
profiles. The 21 mercury-cadmium-telluride photoconductive
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detector elements employed on HIRDLS exhibit varying de-
grees of nonlinearity for large incident radiance signals, where
the amount of nonlinearity present in each channel was deter-
mined from prelaunch radiometric calibration data [4].

Because the atmospheric radiance impinging on a HIRDLS
detector should produce a linear response through its saturation
point, it was necessary to remove any detector nonlinearity from
a signal produced by the HIRDLS instrument. Consequently,
relevant calibration data products, such as detector spectral
responses, should undergo this removal process, which could
affect a spectral response shape.

A raw signal (S) from a HIRDLS detector can be represented
in terms of a detected radiance signal (L), with knowledge of the
detector gain (G), and a second-order term for nonlinearity (k)

S = GL(1 + kL). 8)

The aforementioned relationship is inverse to what is done in
orbit, where a HIRDLS signal in counts is converted into a
radiance. At a more basic level, the main difference is that there
is no space-view signal in (8). The reason here is due to the fact
that the scan mirror is staring at the HIRDLS channel (no star-
ing at a cold reference target), and a difference between mono-
chromator open and closed states was sought. With the focal
plane cooled to the same temperature as the radiometric calibra-
tion, along with the filters, lens assemblies, and other optical el-
ements controlled to identical temperatures, G and k in (8) can
be used with confidence in this nonlinearity removal analysis.
Using instrument-calibrated k and G for each channel, a
HIRDLS-detected radiance signal can be deduced

L= (€))

L 171 45 12

2k 2 [k:Q i kG} '
The root used from (9) depends on the sign of k. If k is
positive (negative), then the positive (negative) root is retained.
To procure the equivalent linear signal S, from a particular L,
the term with G is used alone in (8)

Scorr = GL. (10)

This method was applied on the raw data, where the pro-
cedure removed the nonlinear contribution from each recorded
digitized signal (both shutter-open and shutter-closed sig-
nals). The nonlinearity-removed spectral responses (red line)
for channels 1, 2, 13, and 21 using the p = 36 (horizontal)
polarization-step setting are shown in Fig. 6. The spectral
responses with the nonlinearity removal algorithm turned off
are also shown in the same plots. The strength of the nonlin-
earity removal procedure varies noticeably between channels.
Because of the small value for % in channel 1, both responses
are nearly identical. The increased effect from the nonlinearity
removal procedure in channel 2 results mostly from large
radiometric signals (above 60-K counts) for the monochromator
shutter-open states. For channel 13, the effect of the nonlinear-
ity removal procedure is augmented mostly by the size of k.
Here, moderate signals will be enhanced because of the larger
value of k.
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Fig. 6. Spectral responses (counts against wavenumber) for channels 1, 2, 13,

and 21, at a polarization setting of p = 36. Note that these responses have not
been ratioed with their associated monochromator output spectrum.
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Fig. 7. Calibration detector responses with one-sigma error bars, for the
passband of channels 8-9, in counts against wavenumber. As with the HIRDLS
spectral responses, these data included the OS filter. The (red line) equation
for each quadratic fit is also shown. (Top panel) Analyzed calibration detector
response for p = 36. (Bottom panel) Analyzed calibration detector response
for p = 92.

C. Step 3: Polarization Differences and Unpolarized
Spectral Responses

The next analysis step involves the polarized spectral re-
sponses shown in the bottom panel in Fig. 5. These responses
must be ratioed with their corresponding polarized calibration
detector responses. The monitoring of the monochromator out-
put is essential for obtaining a correct HIRDLS response for
each polarization setting. These data were generally obtained at
times prior to, or just after, the associated HIRDLS spectral data
runs were performed. Barring a few exceptions, the responses
of the calibration detector were slowly varying and of a sim-
ple shape for all channels. The analyzed calibration detector
responses for the bandpass of channels 8-9, at each polarization
setting, are shown in Fig. 7.

The analysis of these data was quite similar to the Step-1
analysis for the HIRDLS spectral responses (see Section 1V);
accordingly, a difference analysis between the monochromator
shutter-open and shutter-closed states was performed for each
diffraction grating setting, and then, the response was placed
onto a wavenumber grid. The solid red line represents the best
least squares fit of a second-order polynomial function to the
data. The one-sigma errors were used to weigh each data point
in the fit. The equation for the fit is displayed on each panel
in Fig. 7.
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Fig. 8. Polarization differences of ratioed spectral responses for HIRDLS

channel 8. (Top plots) Ratioed spectral responses (against wavenumber) for
each polarization setting. (Bottom plot) Percent difference between the afore-
mentioned polarized responses as a function of wavenumber.

Although the data are noisy in Fig. 7, the spectrum was
structureless, which was anticipated. The fit residual errors
were treated accordingly in the final error analysis, which will
be presented in Section V.

The polarized spectral responses are now ready to be ratioed
with their respective calibration detector responses. Although
there were no accuracy requirements for the polarization differ-
ence for a given channel, the difference between each ratioed
polarized HIRDLS spectral response should be small. The
difference in polarization was computed using the following
relation:

Fp=92 (P) - Fp:36 (ﬁ) )

s (D)

The results for channel 8 are shown in Fig. 8. For these
particular channel-8 data runs, the calibration detector gains for
each polarization setting were identical, i.e., G4, = Gl = 1.
The two polarized spectral responses in Fig. 8§ can now be
summed together to obtain the unpolarized spectral response for
channel 8. The peak-normalized unpolarized spectral responses
for channel 8, from the three data sets acquired during calibra-
tion, are shown in Fig. 9. The results for the four temperature-
sounding CO5 HIRDLS channels, following the same analysis
procedures as described in the text, are shown in Fig. 10. In
this set of plots, spectral responses from the two off-nominal-
experimental-condition data are also included. The slight spec-
tral shift on the high wavenumber side in channel 4 is due solely
to the mismatch between the warm and cold filter passbands
at71 K.

AF(7) = (11)

V. ERROR ANALYSIS

Each HIRDLS instrument spectral response is composed
of many measurements at incremental wavenumber settings
throughout an entire passband. The monochromator output
spectrum is collected in a similar manner. By and large, the
nature of these measurements requires that, for a given error
component, an error distribution over the passband be calcu-
lated, regardless of whether the error under investigation is
statistical (random) or systematic to the measurement.
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the HIRDLS spectral response measurements, plotted against wavenumber.
(Top panel) Channel-2 spectral response error distributions for the two mea-
sured polarization-step settings, along with the quadrature-summed total.
(Bottom panel) Quadrature-summed error distributions for all four temperature-
sounding (CO2) channels.
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Statistical and systematic error contributions will be dis-
cussed in the following in separate sections.

A. Statistical Errors

1) HIRDLS Response: Sources for statistical error emanate
mainly from computing the mean signal difference between
shutter-open and shutter-closed cases for both ALy (7) and
ALr(7), as a function of 7. The main difference between
these two quantities is that the error distribution for A Lyr (7)
is used to weigh the fit in the monochromator output spectrum
(see Fig. 7 and Section I'V-C).

For each HIRDLS spectral response, an error distribution
spectrum for Fie) = F(¥)/Fiax at each polarization setting is
computed. Propagating the errors in this expression yields the
following relationship:

AFa(7) = Fra(7) (AFPES)Y - (Afim:f

1/2

12)

Indication of polarization-setting dependence is suppressed
here for simplicity. The total error from both polarization
settings is now obtained in the usual way
1/2
AFa®) = {[AFL@) + DELE)P) . a3)
The HIRDLS statistical error distributions AF,.(7) for the
COy channels plotted against wavenumber are shown in Fig. 11.
The top panel displays the channel-2 statistical error distri-
butions for both polarization-step settings (i.e., p = 36 and
p = 92) and the quadrature-summed total. The outlying spikes
are due to signal fluctuations because of an intermittent ringing
shutter mechanism, when the shutter went from closed to open,
causing a larger-than-expected sample standard deviation for
that measurement. The bottom panel displays the quadrature-
summed total error for the four CO, channels. These distribu-
tions are shown between the 0.1% RRPs.

It is worth noting at this point that AF,.(7) represents the
largest component of the overall error, both statistically and sys-
tematically. For some channels, this error alone is greater than
the HIRDLS Instrument Requirements Document specification
between the 1% RRPs.

The main factor contributing to this outcome is that, during
episodes of large detected fluxes (i.e., near the middle of the
spectral response), large statistical fluctuations are observed
for a given wavenumber setting. A clear demonstration of this
phenomenon is observed in Fig. 1 (bottom panel). In general,
albeit with a few exceptions, for shutter-open conditions, as the
detected flux increases, the size of the standard deviation about
the mean detected signal increases.

Before any measurements were taken, emitted monochroma-
tor fluxes impinging on a HIRDLS detector were estimated
based on instrument throughput and detector sensitivity. For
some channels, there is a large polarization-setting dependence.
The emitted flux impinging on a HIRDLS detector can be
controlled either by adjusting the entrance or exit slit widths in
the monochromator or by adjusting the broadband hot source.
For the most part, to obtain reasonable detector output signals
through the entire passband, the former method was used to
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Fig. 12. Close-up of channel-17 raw shutter-open signals (in 10* counts
against HIRDLS time) for both the (top panel) p = 36 and (bottom panel)
p = 92 polarization settings, where the spectral response passband regions are
nearly equal for both data sets. To further bring out a direct comparison of
the noise levels between each polarization setting, both panels have identical
ordinate scale ranges.

alter the amount of emitted flux when the initial estimated
monochromator settings were not adequate.

One instance that disagrees with this general description
is the nominal-condition spectral response measurements for
channel 17. The slit widths were adjusted separately to create
detected responses that are similar in magnitude for each po-
larization setting; however, the p = 92 response, which had an
overall smaller magnitude through the passband compared to
its p = 36 counterpart, had a much larger standard deviation
through the most spectrally sensitive wavenumbers. These re-
sults are shown graphically in Fig. 12.

2) Calibration Detector: The remaining statistical compo-
nents to the overall HIRDLS spectral response error originate
from the calibration detector monochromator output spectra
for each polarization measurement, along with the spectral re-
sponse measurement for this detector. With respect to the analy-
sis flow, this error component was calculated after the HIRDLS
spectral response had been transformed onto a wavenumber
grid and FFT filtered. The ratioed spectral responses are re-
calculated, where the calibration detector output spectra are
adjusted by the root-mean-square deviation of fit residuals
+0.:ms» and a percent difference is computed against the central
ratioed response shape.

To compute 6,5, the monochromator output spectra for each
polarization setting must be used. The error bars shown in Fig. 7
were quadrature-summed error levels for both shutter-open
and shutter-closed positions computed at a given diffraction
grating position setting and were eventually translated onto a
wavenumber grid. Recall that the wavenumber grid utilized
for the calibration detector response was more coarse than its
HIRDLS counterpart. For all channels and polarizations, except
channel 5 at the p = 92 setting (Wood’s anomaly [6]), the
calibration detector responses were often simple and smoothly
varying shapes over a respective passband that could be the-
oretically represented by a low-order polynomial function. A
function minimization procedure [5] was used to perform the
fit, where the errors were used to weigh the function being min-
imized. ;1,5 was then computed from the sum of fit residuals.
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Results will be shown in a plot with the remaining contributions
to the overall AF,(7) at the end of Section VI.

3) Calibration Detector Spectral Response: The smallest
statistical error component to A Fy (7) resulted from the uncer-
tainty in the calibration detector spectral response. To calculate
drms for the calibration detector spectral response, the filtered
response [see Fig. 2 (solid red line)], which was used to com-
pute the HIRDLS spectral response shapes, was differenced
with the actual data points (solid black lines). The ratioed
HIRDLS spectral response was then recalculated with Fop +
Orms and compared to the central HIRDLS spectral response
(using only Fp), where a percent difference distribution was
then calculated.

B. Systematic Errors

Systematic errors fall into the following three distinct and
analyzable categories:

1) change in spectral response due to removing detector
nonlinearity from the detected signal;

2) change in spectral response due to the cutoff wavelength
location when removing TEQ-induced structures;

3) change in spectral response due to hot-source temper-
ature stability. Because of time constraints, this error
component was only investigated for channel 1, which
is radiometrically the noisiest channel of the 21 HIRDLS
channels. After realizing the resulting error distribution to
be sufficiently small for channel 1, further measurements
on other channels were deemed unnecessary.

Details for each of these items follow.

1) Removing Detector Nonlinearity: Removing detector
nonlinearity from the HIRDLS spectral response data requires
knowledge of the detector nonlinearity constant k. This factor is
obtained from an associated instrument radiometric calibration
and is described elsewhere in this issue [4] The uncertainty in
determining £ can then be used to understand its influence on
the spectral response line shape and its systematic contribution
to AF, rel(v).

Determining the error in removing detector nonlinearity from
the raw signal was carried out by propagating the errors in (9)

oL oL oL

AL=AS— +Ak— +AG—

08 ok oG (14

where AS, Ak, and AG were all procured from the associated
prelaunch instrument radiometric calibration [4]. With knowl-
edge of AL, the error in the corrected signal can be obtained

N INA RS
() (%)
Once AS,,,; is produced, new spectral response line shapes are
generated from Scor £ AScorr and are then compared to the
spectral response line shape from S.,, alone, where an error
distribution over the passband is produced.

2) FFT Filter Cutoff Wavelength: The cutoff wavelength
point used in the low-pass filtering of channel 8 (Fig. 4,
both polarization settings) is 14. Applying the filter removes

all TEQ-induced structures, leaving behind the true spectral
response line shape of the warm—cold filter combination. To

AScorr = Scorr (15)
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examine the systematic error in using this cutoff wavelength
point, new spectral response line shapes were calculated for
14 £+ 1 wavelength points. These new response line shapes
were then compared to the response line shape calculated using
the central filter cutoff wavelength point, and finally, a percent
difference distribution is then computed.

3) Flux Stability of Hot-Source Assembly: The hot-source
assembly was a potential source for systematic error. In partic-
ular, its location to certain structures, such as the entrance slit
and shutter, could cause conductive heating of these structures
and alter the radiation environment in the monochromator. Cold
shielding was designed to enclose the assembly to minimize
the conductive heating of these structures. Nevertheless, it was
necessary to estimate its contribution to the overall systematic
error.

As was stated earlier, it was determined that the error con-
tribution was inconsequential for channel 1 (noisiest channel),
thereby nullifying any further measurement efforts on the other
20 channels.

VI. CONCLUSION

A detailed account of the analysis procedures used to obtain
measured instrument spectral responses for all 21 channels
from a prelaunch calibration of HIRDLS has been presented.
Three different data sets, based on three realistically different
instrument conditions, were analyzed. The results show that the
spectral response line shapes between the three different data
sets are quite similar, with only minor variations present. If
the in-orbit conditions of the instrument change, e.g., warm-
ing of the FPA, then the spectral responses used to calculate
forward-model transmittance tables may need to be adjusted
accordingly.

Translating the measured instrument spectral response from
HIRDLS time into the wavenumber space was very accurate
and compared quite well with laboratory absorption spectra.
All channels with sharp discernible absorption peaks were
within the nominal spectral resolution (~0.25 cm™!) of the
measurement.

Unanticipated problems encountered in the HIRDLS spectral
response measurements, e.g., of reflections emanating from the
monochromator OS filter and polarizer surfaces, were effec-
tively eradicated from the true spectral response line shape by
using frequency-domain FFT filtering methods. After Fourier
transforming the raw spectral responses, these unwanted spec-
tral features were clearly separated from the true spectral re-
sponse line shape, making low-pass filtering a sound method
for removing these features.

The calibration detector provided ample snapshots of the
monochromator output. These data runs immediately preceded
or followed a HIRDLS spectral response measurement. Except
for the p = 92 setting for channel 5 (due to Wood’s anomaly
[6], which is a rapid variation in the amplitudes of the diffracted
spectral orders, corresponding to an onset or disappearance of
a particular spectral order), all monochromator output spectra
were smoothly varying but quite noisy. The output spectra
could be fit with low-order polynomials (most through order
two, except channels 3 and 4, which required an order-four
polynomial for the p = 92 polarization setting because of the
onset of Wood’s anomaly).
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TABLE III
WEIGHTED-MEAN ERROR CONTRIBUTIONS FOR THE MEASURED
HIRDLS INSTRUMENT SPECTRAL RESPONSES, UNDER NOMINAL
INSTRUMENT OPERATING CONDITIONS (L.E., Tppa ~ 61 K AND
Tl,ens1 = 301 K). DEFINITIONS FOR EACH COLUMN AREA ARE AS
FOLLOWS: o1gt IS THE HIRDLS STATISTICAL UNCERTAINTY
COMPONENT; 025t IS THE MONOCHROMATOR CALIBRATION DETECTOR
STATISTICAL UNCERTAINTY COMPONENT; 015y IS THE SYSTEMATIC
ERROR DUE TO THE UNCERTAINTY IN THE RADIOMETRIC
NONLINEARITY FACTOR k; 025y IS THE SYSTEMATIC ERROR DUE TO THE
FFT FILTERING CUTOFF WAVELENGTH; 035y IS THE SYSTEMATIC ERROR
DUE TO THE MONOCHROMATOR CALIBRATION DETECTOR SPECTRAL
RESPONSE; 0tot IS THE QUADRATURE SUM OF THESE ERRORS

Channel Ol1st O2st Olsy O2sy O3sy Ttot
Number | (%) (%) (%) (%) (%) (%)
1 1.457 | 0.101 0.013 0.119 | 5.496E-4 1.465
2 0.733 0.093 0.010 | 0.274 | 5.848E-4 | 0.794
3 1.189 | 0.128 | 0.013 0.120 1.479E-3 1.202
4 1.425 0.028 | 0.015 0.248 | 4.749E-4 1.447
5 1.308 | 0.064 | 0.012 | 0.053 2.219E-3 1.311
6 1.687 | 0.112 | 0.009 | 0.095 | 8.798E-6 | 1.693
7 2.266 | 0.120 | 0.010 | 0.758 | 4.100E-5 | 2.392
8 1.150 | 0.285 0.017 | 0.015 | 2.290E-5 1.185
9 0.475 0.083 0.007 | 0.205 8.861E-5 0.524
10 0.760 | 0.058 | 0.005 0.057 1.387E-5 0.764
11 0.602 | 0.092 | 0.006 | 0.117 | 7.970E-5 0.620
12 0.681 0.056 | 0.005 0.157 | 5.575E-5 0.701
13 0.969 | 0.024 | 0.005 0.129 | 3.005E-5 0.978
14 0.829 | 0.026 | 0.004 | 0.058 6.633E-5 0.831
15 0.881 0.054 | 0.011 0.430 | 6.441E-5 0.982
16 0.536 | 0.066 | 0.005 0.221 9.106E-5 | 0.584
17 1.579 | 0.193 0.007 | 0.014 1.706E-4 1.591
18 1.043 0.197 | 0.009 | 0.020 | 2.642E-4 1.062
19 1.631 0.062 | 0.008 | 0.325 8.445E-5 1.664
20 1.308 | 0.333 0.011 0.004 | 3.776E-4 1.350
21 0.583 0.103 0.006 | 0.022 6.941E-5 | 0.592

The error analysis brought out the reality and precision of the
hard work that went into this endeavor. The largest contribution
to the overall error AF,(7) for all channels belonged to the
HIRDLS spectral response random statistical uncertainty. A
highly probable root cause for this outcome could be attributed
to the large radiometric signal used for most channels. In
general, the larger the signal level through the most spectrally
sensitive regions in a channel passband, the larger the standard
deviation about the measured mean (see Fig. 1). From an
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TABLE IV
WEIGHTED-MEAN ERROR CONTRIBUTIONS FOR THE MEASURED
HIRDLS SPECTRAL RESPONSES, UNDER OFF-NOMINAL INSTRUMENT
OPERATING CONDITIONS (I.E., Trpa =~ 71 K AND T1,ens1 = 301 K).
COLUMN DEFINITIONS ARE IDENTICAL TO THAT IN TABLE IIT

Channel T1st 025t Olsy O2sy T3sy Ttot
Number | (%) (%) (%) (%) (%) (%)
1 1.927 | 0.095 0.019 | 0.114 5.218E-4 1.933
2 0.989 | 0.091 0.015 | 0.281 5.702E-4 1.032
3 1.353 0.112 | 0.025 0.132 1.514E-3 1.365
4 1.194 | 0.028 | 0.018 | 0.208 | 4.707E-4 1.212
5 1.447 | 0.063 0.012 | 0.042 | 2.172E-3 1.449
6 1.009 | 0.043 0.026 | 0.109 | 7.702E-6 1.016
7 0.637 | 0.102 | 0.015 | 0.726 | 3.946E-5 0.971
8 0.896 | 0.095 0.014 | 0.019 | 2.377E-5 0.901
9 0.548 | 0.039 | 0.007 | 0.242 8.667E-5 0.600
10 0.787 | 0.340 | 0.006 | 0.055 1.248E-5 0.859
11 0.811 0.092 | 0.011 0.133 7.677E-5 0.827
12 0.642 | 0.026 | 0.006 | 0.184 | 5.585E-5 0.668
13 1.001 0.029 | 0.004 | 0.119 | 2.856E-5 1.008
14 0.845 0.023 0.005 | 0.064 | 6.983E-5 0.847
15 0.727 | 0.027 | 0.010 | 0.419 | 6.445E-5 0.840
16 0.795 | 0.025 | 0.006 | 0.287 | 8.837E-5 | 0.846
17 0.897 | 0.068 | 0.010 | 0.012 1.698E-4 | 0.900
18 0.533 0.035 0.005 0.030 | 2.648E-4 | 0.535
19 1.020 | 0.011 0.008 | 0.383 8.816E-5 1.090
20 0.670 | 0.087 | 0.006 | 0.003 3.763E-4 | 0.676
21 1.132 | 0.016 | 0.010 | 0.021 6.870E-5 1.132

analysis standpoint, using larger signals in some channels was
crucial in determining the starting position in HIRDLS time
for acquiring the HIRDLS response data, which, in turn, was
needed to correctly synchronize the associated external mono-
chromator data set. In particular, when using larger fluxes, the
longer wavelength channels experienced larger-than-expected
noise levels in the tails, requiring a running boxcar filter applied
to the data to help identify the fiducial HIRDLS starting time.
To the contrary, shorter wavelength channels, for the most part,
had much lower noise levels in the spectral response tails.

A way to circumvent this particular problem would have been
to increase the number of measurements /N for each polariza-
tion setting, thereby weighing the resulting average statistical
standard deviation by N /2. With the short amount of time
allocated for the overall calibration period, this statistical fix
would have been a highly improbable venture.

The remaining components, both statistical and system-
atic, making up AF,. (V) are comparatively smaller than the
HIRDLS spectral response statistical uncertainty. The error dis-
tributions, between the 1% RRPs, for channel 8 under nominal
instrument operating conditions are shown in Fig. 13. Table III
lists the individual weighted errors, between the 1% RRPs, for
all 21 channels, under nominal instrument operating conditions.
As an example, the weighted errors for the HIRDLS spectral
response statistical error component were calculated using the
following relationship:

_ L ARG )i ()

rel rel
h,
Zi 1 Flelv( )

Here again, h and v represent the polarization settings p = 36
and p = 92, respectively. Combining each weighted error in
quadrature yields the desired result

(16)

Ohow =

o1 = [(on)2 + (0)%] 7. (17)
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TABLE V
WEIGHTED-MEAN ERROR CONTRIBUTIONS FOR THE MEASURED
HIRDLS SPECTRAL RESPONSES, FOR OFF-NOMINAL INSTRUMENT
OPERATING CONDITIONS (I.E., Tppa =~ 61 K AND T7,epns1 = 291 K).
COLUMN DEFINITIONS ARE IDENTICAL TO THAT IN TABLE IIT

Channel T1st T2st Olsy 02sy 03sy Ttot
Number | (%) (%) (%) (%) (%) (%)
1 1.194 | 0.103 0.020 | 0.105 5.534E-4 1.203
2 0.545 0.068 | 0.014 | 0.286 5.598E-4 | 0.619
3 2.175 0.134 | 0.030 | 0.091 1.757E-3 2.181
4 0.747 | 0.029 | 0.013 0.282 | 4.791E-4 | 0.799
5 0.599 | 0.065 0.011 0.076 | 2.222E-3 0.607
6 0.762 | 0.053 0.024 | 0.112 | 6.410E-6 | 0.772
7 0.596 | 0.092 | 0.012 | 0414 | 3.834E-5 0.732
8 0.930 | 0.120 | 0.030 | 0.014 | 2.391E-5 0.938
9 0.438 | 0.036 | 0.010 | 0.194 | 8.059E-5 0.480
10 0.449 | 0.081 0.006 | 0.055 1.320E-5 0.460
11 0.413 0.127 | 0.008 | 0.035 8.098E-5 0.434
12 0.406 | 0.025 0.006 | 0.430 | 5.099E-5 0.592
13 0.553 0.020 | 0.004 | 0.298 3.030E-5 0.629
14 0.425 0.015 0.005 0.059 | 6.747E-5 0.429
15 0.485 | 0.038 | 0.008 | 0.388 | 6.403E-5 | 0.622
16 0.586 | 0.043 | 0.007 | 0469 | 9.020E-5 | 0.752
17 0.658 | 0.037 | 0.007 | 0.019 1.687E-4 | 0.659
18 0.514 | 0.036 | 0.005 0.038 | 2.597E-4 | 0.517
19 0.799 | 0.011 0.007 | 0.773 8.108E-5 1.112
20 0.606 | 0.160 | 0.006 | 0.012 3.769E-4 | 0.627
21 0.585 0.088 | 0.005 0.022 | 6.853E-5 0.592

Tables IV and V list the weighted errors for the two off-nominal-
instrument-operating-condition spectral response data.

The spectral characterization of the HIRDLS flight instru-
ment was the most difficult and challenging component during
the prelaunch calibration exercise. Time constraints kept the
amount of testing to nearly a bare minimum. Unanticipated
problems that mostly occurred at the beginning of the spectral
calibration phase (e.g., heating of monochromator elements,
adjusting and modifying the calibration detector and associated
electronics due to varying background radiation, etc.), slowed
initial progress but were overcome to provide some very high
quality data, which has ultimately resulted in a reliable spectral
characterization of the HIRDLS flight instrument.
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