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Abstract— The Suomi National Polar-orbiting Partnership
(SNPP) Cross-track Infrared Sounder (CrIS) has provided critical
observations for environmental applications for nearly 10 years.
However, on 26 March 2019, the Joint Polar Satellite System
(JPSS) Interface Data Processing Segment (IDPS) stopped
producing the operational SNPP CrIS Sensor Data Record (SDR)
product due to a failure of the midwave infrared (MWIR) band.
Following a comprehensive risk assessment, the switch from
primary to redundant Side-2 electronics was made on 24 June
2019, successfully recovering the full capabilities of the sensor.
Comprehensive assessment results demonstrate the high quality of
the CrIS SDR product resulting from the sensor recalibration,
thus meeting the JPSS Level-1 requirements with margin. The
spectral calibration prioritized consistency with the CrIS SDR
product prior to the side switch in order to minimize the impact
on users. Results show that the radiometric impact in the CrIS
SDR product resulting from the side switch is not significant and
is within the calibration radiometric uncertainty. It is
demonstrated that after the instrument restoration, the SNPP
CrIS SDR product recovers the quality needed to be used as
radiometric reference for the calibration and validation of
infrared remote sensing instruments. The recovery of the SNPP
CrIS MWIR band is expected to support improvements in
numerical weather forecasting by restoring the MWIR band
channels sensitive to tropospheric water vapor. This should also
help to maintain continuity and redundancy of one of the
backbone observations of the global observing system.
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I. INTRODUCTION

HE CrIS sensor on-board the National Oceanic and
Atmospheric Administration (NOAA)/Joint Polar Satellite
(JPSS) series satellites is a Fourier transform spectrometer
based on a 0.8 cm’! optical path difference (OPD) Michelson
interferometer. Currently, two CrIS sensors are in operation,
one on the S-NPP satellite launched in October 2011 and the
other on the NOAA-20 satellite launched in November 2017.
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Both satellites fly on nearly sun-synchronous polar orbits at an
ascending node equator crossing time of 13:30 PM locally with
a separation phase of 180 degrees. The CrIS sensor has three
spectral bands: the long-wave infrared (LWIR) band (650-1095
cm!), the mid-wave infrared (MWIR) band (1210-1750 cm™),
and the short-wave infrared (SWIR) band (2155-2550 c¢cm™).
For each band, CrIS measures the infrared (IR) spectra from the
Earth scene (ES) with a 3x3 detector array, corresponding to 9
field-of-views (FOVs) with 14-km diameter at nadir or one
field-of-regard (FOR). With a scan mirror rotating in cross-
track direction, the CrIS full Earth view scan angle is £48.33°,
resulting in a CrlIS swath width on Earth of approximately 2,200
km. For each scan, CrIS collects 30 ES FORs, two FORs of
deep space (DS) observations (cold radiometric reference) and
two FORs of a warm blackbody radiometric reference, called
internal calibration target (ICT) [1]. When operated in full-
spectral resolution (FSR) mode, the measured interferograms
are recorded with the same OPD. Under this mode, the CrIS
SDR spectra are processed to have an unapodized Sinc spectral
response function. The spectra are then Nyquist sampled with
spectral sampling (distance between adjacent samples) and
corresponding spectral resolution of 0.625 cm™' (Rayleigh
criterion) for all three bands. This results in a total of 2211
channels [2].

A. Identification of the MWIR Band Anomaly.

On 23 March 2019, the first instance of missing SNPP CrIS
MWIR interferograms in the raw data record (RDR) associated
with the MWIR band anomaly was detected. Invalid SNPP CrIS
MWIR SDR data was observed in 1 scan on March 23, in 4
scans on March 24, and in 33 scans on 25 March 2019. Root
cause analysis identified a potential point of failure in the
MWIR band signal processor (SP) field programmable gate
array (FPGA) and associated circuitry. These circuitries located

in the Side-1 electronics reported intermittent single event
functional interrupt (SEFI) and wake-up errors that eventually
lead to the MWIR SP circuit card assembly (CCA) being held
in reset on 26 March 2019. On the same day, the Interface Data
Processing Segment (IDPS) stopped producing the SNPP CrIS
SDR product due to a reduction in the amount of data available
for IDPS SDR processing. Nine days prior to the first signs of
the SNPP CrIS MWIR band failure, an anomaly was observed
on the SNPP Advanced Technology Microwave Sounder
(ATMS) scan drive (SD) main/compensator motor that resulted
in large peaks in the electric current and power consumption.
However, the anomaly investigation found little evidence to
suggest that the SNPP ATMS anomaly was the root source.
Additionally, little correlation between major space weather
activity and the occurrence of the midwave anomaly on March
23rd was found. The most probable root source of the MWIR
SP CCA circuit was associated with a single-event hard error.
In an attempt to resolve the issue, power cycles were performed
first on the MWIR band SP and then the entire CrIS instrument.
However, this did not solve the problem.

B. Performing the Switch to Side-2 Electronics.

While production of operational LWIR) and SWIR SNPP CrIS
SDR data resumed on 16 April 2019, the MWIR SDR data
remained unavailable. To rectify the instrument anomaly and
restore the full capabilities of the SNPP CrIS instrument, a
formal decision to switch from the Side-1 to the Side-2
electronics was made on 21 June 2019 after assessing the
potential impacts of performing the side switch during the
hurricane season. On 24 June 2019, the switch to Side-2
electronics was initiated. At around 18:50 UTC, the instrument
was transitioned from nominal mode to operational mode
producing full spectral resolution (FSR) data for all the three
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Fig. 1. Schematic of the main subsystems, modules and components of the CrIS sensor, illustrating its operation under the Side-2 electronics configuration.

instrument spectral bands. On 26 June 2019, the SDR
products were suitable for preliminary science quality check
and the SNPP CrIS SDR data product became available in

the Government Resource for Algorithm Verification,
Independent Test, and Evaluation (GRAVITE) system.
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Fig. 1 shows a schematic representation of the main
subsystems, modules and components of the CrIS sensor,
illustrating its operation under the Side-2 electronics
configuration. The main components of the redundant
electronics are identified. This includes the digital signal
processor (root source of the MWIR band failure when the
sensor was operating under Side-1 configuration), as well as
the neon lamp and metrology laser, critical for the instrument
spectral performance. Switching to the redundant electronics
introduces new temperature sensors used to estimate the
thermodynamic temperature of the ICT for the instrument
radiometric calibration.

Following the completion of Side-2 active commanding
on 28 June 2019, the science quality check started. The CrIS
SDR calibration and validation team began an intensive
period of review and monitoring to quickly restore the SNPP
CrIS SDR product to operational quality. Evaluation of the
first two weeks of SNPP CrIS SDR Side-2 product,
following the switch to Side-2 electronics, demonstrated that
it held the JPSS beta level quality.
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The SNPP CrIS SDR Side-2 data product was declared
provisional with the upload of engineering packet (EP)
version 40 (v40) on 1 August 2019 at 16:49:40 UTC. This
engineering packet provided corrected mapping angles that
brought the geolocation of CrIS observations within
specification and updated spectral calibration parameters to
match the Side-1 performance for the continuity of the
mission data. Spectral calibration was required due to new
Side-2 metrology laser, neon lamp and slight changes in the
instrument temperature associated with different power
consumption of redundant electronics. Low impact to the
radiometric calibration was observed due to minor changes
in the on-board ICT temperature, while no changes to the
detector’s nonlinearity coefficients were required.

The successful restoration of the sensor capabilities relied
heavily on the Side-2 calibration constants derived during
ground testing. The availability of quality calibration
parameters was a key factor in the prompt recalibration of
the sensor. Fig. 2 shows the timeline of major events toward
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Fig. 2. Timeline of major events during the restoration of the SNPP CrIS instrument, indicating the loss of the MWIR band, the recalibration and initial validation
activities along with a 6 months period to dedicated to demonstrate the long-term stability of the sensor and the calibrated observations.

the restoration of the SNPP CrIS instrument, which includes
nearly 3 months of missing MWIR observations, approximately
1 month of recalibration and initial validation activities after the
MWIR band recovery and 6 months of validation activities to
demonstrate the long-term stability of the calibrated
observations. These activities were concluded on 6 February
2020, when the SNPP CrIS SDR Side-2 product reached the
JPSS Validated Maturity level after demonstrating the long-
term stability of the SNPP CrIS sensor and the long-term
radiometric, spectral and geolocation quality of the SDR data
product, based on validation findings and user feedback. This
paper reviews the restoration and recalibration of the SNPP
CrlIS sensor as well as the long-term assessment of the SDR
product after the sensor side switch.

The organization of the manuscript correspond to the order
in which the instrument restoration, recalibration and
assessment of the SNPP CrIS SDR product was performed.
Section II presents details of the SNPP CrIS sensor spectral
calibration and its assessment. Section III and IV report the
evaluation of the radiometric and noise performance,

respectively, following the instrument side switch. An overview
of the geolocation calibration and the evaluation of the
geolocation uncertainty is presented in Section V. Section VI
provides a discussion about the impact and benefits of restoring
the full capabilities of the SNPP CrIS sensor, while the main
conclusions of this work are described in Section VII.

II. SPECTRAL CALIBRATION AND ASSESSMENT

During the side switch period, a significant effort was taken
in adjusting the Side-2 spectral calibration parameters in order
to maintain the same effective spectral calibration of the
radiances before and after the side switch. The spectral
calibration process attempts to reduce both the relative spectral
shifts among FOVs and the absolute spectral errors due to its
impact on the radiometric quality of the SDR data. Reducing
the spectral errors improves the FOV-to-FOV radiometric
consistency as well as the radiometric bias, critical for data
usage in NWP models. The main calibration changes needed
after the switch to Side-2 electronics were the adjustment of the
neon wavelength and small changes to the focal plane
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alignment relative to the interferometer optical axis. Both of
these affect the spectral calibration. The Side-2 electronics use
a different neon calibration lamp. Thermal vacuum (TVAC)
testing more than a decade ago showed that the Side-2 lamp had
a slightly different alignment relative to the interferometer
optical axis, and possibly a slightly different geometric
emission profile. The differential effective alignment of the
Side-2 versus the Side-1 neon lamp introduced a relative
spectral offset of ~4.15 ppm, measured during SNPP TVAC
testing. However, as will be explained later, the neon
calibration of SNPP on Side-1 had shifted by about 0.4 ppm
from mission start. Initial testing after the switch to Side-2
indicated that the on-orbit neon calibration was within 0.1 ppm
of the Side-2 TVAC value. Therefore, in order to match
calibration before and after the Side switch, the Side-2 neon
lamp wavelength was adjusted (reduced) by 0.4 ppm. In
addition, since the focal plane alignment changed due to the
Side switch, the in-track, cross-track, and a small radially
symmetric shift of the focal plane positions were also applied
in order to bring the spectral scale of all off-axis FOVs to the
FOV-5 effective on-axis calibration. SNPP was switched to the
Side-2 electronics on 24 June 2019 at which point spectral
recalibration could commence. In order to minimize impacts of
the Side-2 electronics on users, a decision was made to choose
spectral calibration coefficients (which include the neon
wavelength and detector positions relative to the interferometer
optical axis) that minimized changes to the radiances relative to
the Side-1 spectral calibration. This decision did not provide the
best absolute spectral calibration, since the SNPP Side-1 neon
had drifted about 0.4 ppm since the beginning of the mission.
Moreover, detector radially symmetric offsets relative to the
interferometer optical axis produced equivalent offsets in
radiance space with a maximum of slightly more than 1 ppm.
These differences are extremely small and have little to no
impact on users. But, for maximum consistency, the spectral
calibration was set as close as possible to the Side-1 values.
The FOVS (center FOV within the focal plane array) spectral
calibration is essentially independent of any in-track/cross-
track errors in the focal plane position, and therefore these
detectors are only sensitive to neon calibration offsets. Due to
that, FOV5 spectral shifts are used to determine the adjustment
of the effective neon wavelength. After changing the neon lamp
calibration to the TVAC Side-2 value, all three bands were re-
calibrated. The spectral calibration is performed by comparing
clear ocean-only upwelling spectra to spectra computed using
the Stand-alone AIRS Radiative Transfer Algorithm (SARTA)
[3] and atmospheric profiles based on ECMWF
forecast/analysis model fields. This approach is detailed in [4],
which cross-correlates those observed and computed radiances
and finds the shift in the computed radiance spectrum that
produces the highest cross-correlation. That shift, in ppm units,
is used to determine the neon bulb effective wavelength and the
radial positions of each FOV for each band relative to the
interferometer optical axis. The SNPP CrIS observed ppm
offsets for the 3 bands times 9 detectors/band were measured
for the day of 3 March 2019 (before the Side-1 midwave
electronics failure) and for 29 June 2019 after the Side-2
electronics had been made operational. Changes to the neon
lamp and focal plane positions were derived by fitting the
differences in the detector offsets, in ppm, between March 3 and

June 29, in order to achieve high stability and continuity in the
SNPP CrIS SDR data product, as discussed above.
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Fig. 3. Spectral shifts, in ppm, associated with each SNPP CrIS detector after
switch to Side-2 electronics, and after adjusting the neon lamp frequency by
4.15 ppm (as indicated by TVAC results) for the (a) LWIR, (b) MWIR, and (c)
SWIR bands for all SNPP CrIS 9 FOVs. The blue bars correspond to observed
shifts, the red bars are the detector spectral shifts minus the FOVS spectral shift
value, and yellow bars illustrate the spectral shifts (observed minus calculated)
after fitting for in-track and cross-track translations of each focal plane and a
simultaneous radial scaling of each FOV. The final neon value was adjusted by
the residual of ~0.4 ppm, observed in the absolute shift of the FOVS, in order
to bring agreement with the Side-1 neon wavelength.

Fig. 3 shows the observed ppm differences for all detectors,
separated by the LWIR, MWIR and SWIR focal planes. Blue
bars show the measured differences. The FOVS offsets are
almost the same for all three focal planes with a magnitude of
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about 0.4 ppm. For this test, the neon wavelength had already
been switched to the Side-2 value from TVAC results.
Therefore, these small spectral offsets, observed in the three
spectral bands, demonstrate the accurate pre-launch
characterization of the sensor and the minimal impact suffered
by the instrument from the pre-launch activities to the
deployment of the sensor on-orbit. The final neon wavelength
used after validation of the Side-2 switch was modified to
remove this 0.4 ppm difference in order to achieve consistency
with the Side-1 neon wavelength. The red bars in Fig. 3 have
the FOVS neon related offset removed in order to illustrate the
ppm offsets to the observed radiances caused by a shift in the
focal plane/detector positions due to the Side-2 switch. Of
course, we do not expect the relative geometry of the focal plane
to change, so these changes are due to in-track and cross-track
shifts in the focal plane position, and possibly due to a slight
change in the telescope focus (radial term). A very clear pattern
with FOV ID number is seen in these plots with high similarity
between focal planes (larger spectral shifts for corner FOV1 and
FOV9 with opposite sign). This pattern is indicative of an in-
track shift in the focal plane.

TABLE !
CHANGES (SIDE-2 MINUS SIDE-1) IN FOCAL PLANE POSITIONS (CROSS-TRACK
ANDIN-TRACK) AND RADIAL SCALING (TELESCOPE FOCUS)

Band Cross-track, In-track, dy Radial, dr
dx (urad) (urad) (urad)
LWIR 12.7+3.9 30.2+4.0 10.0+2.8
MWIR 6.8+5.0 30.7+5.0 -7.9+£3.6
SWIR 0.2+43 16.4+4.3 -6.7+3.0

These values correspond to the changes in the alignment of the SNPP CrIS
detectors relative to the interferometer focal plane optical axis, observed after
the instrument side switch. All units are in microradians (urad). The
uncertainties in the focal plane movements are given as 2-0 estimates.

A non-linear regression [4] was used to minimize these ppm
offsets for each focal plane (LWIR, MWIR and SWIR), with
three free parameters: (a) in-track shift, (b) cross-track shift, and
(c) a radial-only shift in the FOV positions, which attempts to
mimic any slight changes in the telescope focus. Therefore, we
have three free parameters fitting eight observations (all FOVs
except FOVS). The yellow bars in Fig. 3 correspond to the
residuals after these fits. Clearly, these three parameters are
sufficient to largely remove any ppm offsets. TABLE / lists the
fitted parameters and their 2-¢ uncertainties. The in-track
movements are the largest and are far larger than the statistical
uncertainties of the fit. These shifts are relatively similar
between focal planes, especially between the LWIR and
MWIR. The radial shifts are the average radial shift (meaning a
radial shift in the in-track and cross-track plane) for the corner
and side FOVs. The radial shifts appear to be statistically
significant. If the radial shifts are not included in the fits, the
observed and calculated spectral differences (yellow bars) of
the mean ppm offsets increase by a factor of 20. If the radial
offsets are included the mean ppm offsets over FOVs (mean of
fit residual results in Fig. 3) are reduced to the 0.01 ppm level,
far below the absolute accuracy of the observed ppm errors.
Although we have set the frequency calibration parameters for
Side-2 to produce nearly identical results to Side-1 operation,

this does not mean that the Side-2 frequency calibration will
stay identical, since small long-term drifts in the neon and in the
focal plane positions are possible. These observed shifts
between Side-1 and Side-2 frequencies due to the alignment of
the detectors relative to the interferometer focal plane optical
axis are presumably associated with the slightly different
thermal environment caused by the different power
consumption between the Side-1 and Side-2 electronics
modules.

The long-term evaluation of the spectral performance of the
instrument 9 FOVs is reported in Fig. 4 using an independent
spectral calibration algorithm that is used to derive the spectral
calibration, but following the same general methodology [5].
This figure presents the absolute spectral shift during 2019 for
the three instrument spectral bands. A spectral shift reduction
among the 9 FOVs as well as spectral consistency between
Side-1 and Side-2 is achieved for the three spectral bands after
the upload of the optimized Side-2 spectral calibration
coefficients contained in the EP version 40. For the LWIR and
SWIR bands, the long-term peak-to-peak spectral shift among
the 9 FOVs is within 1.5 ppm, and within 2.5 ppm for the
MWIR band. Those results clearly satisfy with sufficient
margin the spectral quality requirement for the CrIS SDR data,
which is 10 ppm for each band. TABLE 2 provides the spectral
performance in the form of the bias and standard deviation of
the absolute spectral shift associated with each FOV and band
during 2019. The maximum difference in the systematic
component (bias) of the spectral offset between Side-1 (before
the MWIR band anomaly) and Side-2 (after the upload of EP
version 40), for a particular FOV, is not greater than 0.8, 0.5
and 0.25 ppm for the LWIR, MWIR and SWIR bands,
respectively. The random variability of the spectral offset for
each detector is also within 0.2 ppm for Side-1 and Side-2.
These results demonstrate the high spectral stability achieved
between the Side-1 and Side-2, after an effective spectral
calibration optimized for maximum spectral consistency.
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Fig. 4. Daily absolute spectral shift for the (a) LWIR, (b) MWIR, and (c) SWIR
bands for all SNPP CrIS 9 instantaneous Fieldof-Views (IFOVs) during 2019.
The vertical lines indicate the loss of the Side-1 MWIR band (26 March 2019),
the upload of the EP version 39 (28 June 2019) and the upload of the EP version
40 (1 August 2019), respectively.
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TABLE 2
LONG-TERM ABSOLUTE SPECTRAL SHIFT BIAS AND STANDARD DEVIATION, IN
PPM, OF THE SNPP CRIS SDR DATA, GIVEN FOR EACH INSTRUMENT BAND AND
FOV, DURING 2019.

Side-l | Ggeamwir|  Side2 Side-2 2:::&:&3?
Band/FOV (EPV37) . (EPv39) (EPv40) . )
(ppm) Failure (ppm) (ppm) (ppm) minus Side-1
(EPV37) (ppm)

LW/FOV1| 0.3+0.07 0.15+0.06 0.35+0.08 1.04 £ 0.08 0.74
LW/FOV2 | 0.43 +0.06 0.41+0.06 0.8+0.06 1.1+0.07 0.67
LW/FOV3 | 0.48 +0.06 0.57 £0.07 1.02 £ 0.05 1.1+0.09 0.62
LW/FOV4 | 0.47 £0.07 0.33+0.06 0.74 £ 0.06 0.8+0.07 0.33
LW/FOV5 | 0.29 +0.05 0.28 + 0.06 0.9 +0.05 0.46 + 0.06 0.17
LW/FOV6 | 0.64 +0.05 0.73 +£0.07 1.45 + 0.05 0.9+0.09 0.26
LW/FOV7 | 0.82+0.07 0.68 +0.07 1.39+0.06 0.97 +0.07 0.15
LW/FOV8| 0.8 +0.06 0.76 + 0.06 1.54 + 0.05 0.73+0.07 -0.07
LW/FOV9 | 0.94 £ 0.06 1.03+0.07 1.93 +0.06 0.9+0.09 -0.04
MW/FOV1| -0.43+0.19 N/A -0.56+0.22 | -0.24+0.17 0.19
MW/FOV2| -0.82 +0.19 N/A -0.79+0.2 | -0.64+0.17 0.18
MW/FOV3| -1.38+0.18 N/A -1.13+0.21 | -1.14+0.17 0.24
MW/FOV4| 0.04 +0.19 N/A 0.18 +0.2 -0.05+0.17 -0.09
MW/FOV5| -0.5+0.19 N/A -0.05+0.19 | -0.38+0.17 0.12
MW/FOV6| -1.32 +0.19 N/A -0.81+0.2 -1.41+0.17 -0.09
MW/FOV7| 0.48+0.2 N/A 0.95+0.22 0.19+0.18 -0.29
MW/FOV8| -0.05+0.2 N/A 0.5+0.2 -0.48 +£0.17 -0.43
MW/FOV9| -0.51+0.19 N/A 0.32+0.21 | -0.84+0.18 -0.33
SW/FOV1| -1.02+0.15 | -0.85+0.17 | -0.86+0.16 | -0.82+0.17 0.2

SW/FOV2| -0.39+0.14 | -0.17+0.18 | -0.26+0.13 | -0.27 £0.16 0.12
SW/FOV3| -0.42+0.17 | 0.02+0.19 | -0.23+0.16 | -0.33+0.17 0.09
SW/FOV4| -0.85+0.14 | -0.99+0.17 | -0.61+0.12 | -0.77 £0.17 0.08
SW/FOV5| -0.45+0.13 | -0.35+0.16 | 0.04+0.12 | -0.13+0.15 0.32
SW/FOV6| -1.01+0.15 | -0.85+0.17 | -0.47+0.13 | -0.76 +£0.17 0.25
SW/FOV7| -0.22+0.16 | -0.53+0.18 | -0.08+0.14 | -0.45+0.18 -0.23
SW/FOV8| -0.01+0.15 | -0.2+0.18 0.52+0.12 0.04 +0.17 0.05
SW/FOV9| -0.06 +0.15 | -0.06 +£0.19 | 0.51+0.13 | -0.04+0.18 0.02

III. RADIOMETRIC CALIBRATION ASSESSMENT

For the SNPP CrIS instrument, the primary radiometric
uncertainty (RU) contributors are the calibration blackbody
temperature, the calibration blackbody reflected radiance terms,
and the detector nonlinearity [6]. After the instrument side
switch, the main radiometric impact to the CrIS RU was
associated with the change from using Side-1 ICT Platinum
Resistance Thermometers (PRTs) to using a different set of ICT
PRT sensors from Side-2. Other than the ICT PRTs, the other
components of the calibration chain (e.g. the blackbody itself,
detectors and detector electronics chain) are physically the
same for Side-1 and Side-2 operations. Another factor is the
instrument temperature which may be affected during the
period of operation before the switch to Side-2, where the Side-
1 MWIR band processing electronics was not operating, and
other subtle changes in instrument temperature from Side-1 to
Side-2 operations. However, unlike other sensor designs, the
majority of the CrIS sensor operates at uncontrolled ambient
temperature and experiences a range of temperatures on a
regular basis, and so small changes in operating temperature do
not have a significant impact on the calibration uncertainty.
This section reports the evaluation of the radiometric impact
after the instrument side switch via the comprehensive analysis
of the FOV-to-FOV radiometric changes and analysis of the
long-term radiometric performance. Comparisons against
simulated CrIS radiances and observations from other infrared

sensors, including MetOp-B Infrared Atmospheric Sounding
Interferometer (IASI), Aqua Atmospheric Infrared Sounder
(AIRS) and the SNPP Visible Infrared Imaging Radiometer
Suite (VIIRS) instruments, are presented and discussed here.

A. FOV-to-FOV Radiometric Consistency

FOV-to-FOV analyses encompass various studies to assess
the calibration of one of the nine FOVs of CrIS against the
others. The major purpose of performing the FOV-to-FOV
analysis is to assess the radiometric consistency between the
FOVs after the instrument side switch. All Side-2 results
reported in this section are based on operational EP version 40.

The performed FOV-to-FOV radiometric analysis consisted
in comparing Side-1 spectra collected from March 22 to March
23 of 2019 (before the MWIR band anomaly) and Side-2
spectra collected from June 29 to July 1 of 2019 (after the
instrument side switch). All CrIS FOR that meet the following
conditions are included: latitude range 60S-60N,
13<=FOR#<=18 (near nadir), and the standard deviation over
the 3x3 of FOVs at 900 cm™ is less than 3 mW/(m? str cm™).
For this analysis, the relative FOV-to-FOV radiometric
difference was computed by subtracting the center FOV
(FOVS) from each of the nine FOVs on every 3x3 FOR. The
mean of a large statistical set is used to reduce the fluctuations
caused by cloud spatial variability. The mean difference of each
FOV from the center FOV is compared before and after the
SNPP side switch. This result is presented in Fig. 5 as the Side-
1 minus Side-2 relative FOV difference shown as the mean and
standard deviation over the nine detectors in each spectral band.
This result of this analysis indicates there is no statistically
significant change in the FOV-to-FOV radiometric consistency
between SNPP Side-1 and Side-2.
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Fig. 5. The change in the relative FOV-to-FOV radiometric reproducibility
between Side-1 and Side-2 using the center FOV (FOV5) as the reference.

In order to assess the long-term FOV-to-FOV radiometric
consistency, the daily mean brightness temperature has been
computed for each FOV. This result is used to derive the daily
radiometric consistency relative to FOVS, as presented in Fig.
6. In this case, three representative FOVs, FOV2 (a side FOV),
FOV7 (a corner FOV) and FOVS (center FOV), as well as three
frequencies representative of each CrIS spectral band (900 cm
1,1210 cm™, and 2182 cm!) have been selected. The selection
of FOV7 is based on the fact that this is the most nonlinear
detector over the MWIR band while FOV?2 is highly linear. In
this respect, the small radiometric change over the side-switch
would be a strong indicator that the nonlinearity remains
unchanged. Note that the detectors and preamplifiers do not
change with the CrIS switch therefore the nonlinear
characteristics are not expected to change. Fig. 6 clearly shows
the long-term stability and consistent radiometric performance
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of FOV2 and FOV7 before the MWIR anomaly and after the

side switch. These results also show that the FOV-to-FOV

078 Daily Mean CrlS Brightness Temperature Timeseries: -60S to 60N FOV2
T T T e R |

LW 900 cm™

268
Jan2016 Jan2017 Jan2018 Jan2019

CriS FOV2 - FOV5
T T

0.1 L
1

0.05 1

-0.05
-0.1

-0.15 - . . .
Jan2016 Jan2017 Jan2018 Jan2019

BT DIFF FOV2-FOV5 (K)

078 Daily Mean CrlS Brightness Temperature Timeseries: -60S to 60N FOV7
T T T e R |

-1
276 LW 900 cm

Lo74

—
m 272

270

Jan2017

Jan2018 Jan2019

CrlS FOV7 - FOV5
T

BT DIFF FOV7-FOV5 (K)

0.15
Jan2016

Jan2017

Jan2018 Jan2019

Fig. 6. The daily mean brightness temperature for FOV2, and FOV7 for the
900 cm™, 1210 cm™!, and 2182 cm! frequencies, observed from the 60 degrees
south latitude to 60 degrees north latitude. Also plotted is the radiometric
difference of FOV2 and FOVS with respect to the daily mean brightness
temperature of FOVS. As a reference, the vertical dash lines indicate the period
of the MWIR band loss from March 26 to June 24 of 2019. The long-term
performance cover from December 2015 to January 2020.

consistency of FOV2 and FOV7 relative to FOVS5 is less than
+0.05K, over the three selected frequencies. For the SWIR
FOV7, a slight radiometric increase, relative to FOVS, is
observed just after the side switch. This radiometric change is
not significant (~0.025K) and reduced around October 2019.

Another long-term radiometric analysis was carried out by
deriving the daily mean brightness temperature for two
representative spectral ranges within each CrIS spectral band
from January to December 2019. In this case, the analysis has
the purpose of observing the long-term stability and
performance of all FOVs over spectral regions that span the
three CrIS spectral bands. These regions include two CO»
absorption regions over the LWIR and SWIR bands (672-682
cm! and 2350-2370 cm!), two atmospheric window regions
over the LWIR and SWIR bands (830-840 cm™! and 2500-2520
cm™!), and two water vapor absorption regions over the MWIR
band (1382-1408 cm™ and 1585-1600 c¢cm). The result is
shown in Fig. 7 in the form of the FOV-to-FOV radiometric
difference, relative to FOVS. Just as it is shown in Fig. 6, this
result confirms a FOV-to-FOV consistency within 0.05 K

between Side-1 and Side-2, over the selected CrIS spectral
regions. Over the 672-682 cm' LWIR band, where the impact
of instrument nonlinearity changes could be clearly observed,
radiometric changes smaller than 0.02K are identified between
both sides. This includes the slight increase in the radiometric
differences for FOV7. For the MWIR band, a data gap is
observed due to the MWIR band anomaly. However, these
results show the radiometric consistency achieved just after the
successful recovery of the MWIR band (indicated by the second
vertical dashed) with a FOV-to-FOV variability within £0.05 K
before and after the instrument side switch. The SWIR results
help to identify reduced long-term FOV-to-FOV radiometric
variability in the 2350-2370 cm™' spectral region after the
instrument side switch, mainly due to changes in the FOVs 1,
6, 7, 8. This could be associated with the radiometric impact of
the Side-2 spectral calibration, which included a new neon lamp
calibration system.
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Fig. 7. Long-term radiometric trending of the FOV-to-FOV for Side-1 and
Side-2 for selected regions across the SNPP CrlIS spectral bands from January
to December 2019. The first vertical dashed line indicates the time of the actual
loss of the MWIR band on 26 March 2020, while the instrument was operating
under Side-1 electronics. The second vertical dashed line corresponds to the day
when the MWIR band was recovered on 24 June 2019, after the side switch.
The third vertical dashed line indicates the actual day when the latest calibration
parameters were uploaded on 1 August 2019, as part of EP v40.

TABLE 3
SUMMARY OF THE OVERALL PERFORMANCE OF THE SNPP CRIS SIDE-1 AND
SIDE-2 DATA AT FULL SPECTRAL RESOLUTION. THE REQUIREMENTS ARE
REPORTED IN PARENTHESIS ALONG WITH THE DATA PERFORMANCE.

Radiometric Radiometric
i inty®! Stabili
o | et NEN® Spectral Gealomhonz Uncertalnty‘ a my“|
ana | SPECtral ) 5 e Uncertainty | Uncertainty’? | @287k BB" @287K BB
Range (cm™)| {cm®) | Channels “'Ie, 1oe & Side1/Side2 | Side1/Side2 Side1/Side2 Side1/Side2
(/A (ppm) (km) (%) (%)

LWIR | 650-1095 | 0.625 | 713 0.101/0.099 (0.14) | 1.5/1.5(10)| 0.6/0.6(5) | 0.16/0.16 (0.45) | 0.17/0.17 (0.40)
MWIR | 1210-1750 | 0.625 | 865 | 0.0522/0.0536(0.084) |2.5/2.5(10)| 0.6/0.6(5) |0.19/0.19 (0.58)| 0.21/0.21 (0.50)
SWIR | 21552550 | 0.625 | 633 |0.00741/0.00752(0.014)| 1.5/1.5(10) | 0.6/0.6(5) |0.40/0.40(0.77) | 0.28/0.28 (0.64)

(1) Mean value averaged over 9 FOVs and over entire band.

(2) Geolocation uncertainty is based on the largest 3-sigma value found over all
scan angles (FORs). Accounts for in-track and cross-track errors.

(3) SNPP radiometric uncertainty (RU) does not account for the polarization
correction effect. RU values with polarization correction are expected to be
lower than those reported in the table.

(4) The radiometric uncertainty and stability are relative to the radiance from a
287 K blackbody (BB) target.

The results derived from the FOV-to-FOV radiometric
analysis demonstrate the instrument non-linearity consistency
between Side-1 and Side-2, as well as the long-term radiometric
stability achieved after the side switch. All observed
radiometric changes are well within the estimated SNPP CrlIS
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instrument radiometric uncertainty of 0.16, 0.19K, and 0.40K
for the LWIR, MWIR and SWIR band, respectively (Table 3)
[7]. These radiometric results were important to determine that
no further optimization of the non-linearity was required after
the SNPP CrIS side switch.

B. SNPP CrIS/VIIRS Radiometric Comparisons

SNPP CrIS and VIIRS radiometric comparisons were used to
characterize the CrlS calibration change due to the use of the
new Side-2 ICT PRTs. Comparisons between SNPP CrIS and
VIIRS observations are generated routinely. Daily match files
are created after proper spectral and spatial transformation are
applied so that both sensors observe the same scene over the
same spectral response functions at VIIRS bands 105 (11.45
um), M13 (4.05 um), M15 (10.763 pm) and M16 (12.013 pm).
Spatially uniform scenes are selected, with a very large number
of collocated comparisons available each day. Using SNPP
CrIS/VIIRS data from 5 days prior to and 5 days after the side
switch on 24 June 2020, the double difference between CrIS
Side-2 and CrIS Side-1 (CrIS Side-1 minus VIIRS from 5 days
of comparisons prior to side switch minus CrIS Side-2 minus
VIIRS from 5 days of comparisons after the side switch) as a
function of scene brightness temperature, for a range of scene
temperatures between 200 K and 320 K, was assessed and is
presented in Fig. 8. The mean radiometric differences in the
CrlS calibration from Side-1 to Side-2 are within £10 mK for
most scene temperatures but not generally statistically
significant from zero. This demonstrates not only the Side-1 vs
Side-2 radiometric consistency, but also show the positive
impact of the effective pre-launch characterization and
calibration of the Side-2 PRTs. At scene temperatures close to
280 K, however, which is close to the nominal ICT temperature,
consistent and statistically significant radiometric changes
between 5 to 7 mK are observed for all bands presented in Fig.
S.
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Fig. 8. Mean radiometric difference between SNPP CrIS Side-2 and CrIS Side-
1 as a function of scene brightness temperature derived from comparisons
between CrIS and VIIRS observations at band M15 (10.76 pm), M16 (12.01
um), and 105 (11.45 pm). For Side-1, 5 days prior to the side switch (June 19-
23,2019) were used. For Side-2, 5 days after the side switch (June 25-29,2019)
were employed. The error bars represent two standard deviations (K=2) within
the selected binned scene temperatures.

Based on the historical data record of SNPP CrIS/VIIRS
comparisons, this radiometric performance was not observed
previously, when the SNPP CrlIS instrument was operating
under Side-1 electronics. This particular result suggests

changes in the measured ICT temperature, most likely due to
the change of ICT PRTs after the instrument side switch.
Quantitatively, those radiometric changes are well within the 1-
sigma estimated total uncertainty of the ICT measured
temperature (37 mK), where the PRTs uncertainty contribution
is about 19 mK [6]. This is a remarkable result, that shows how
well the CrIS design and instrument redundancy has worked in
this respect and demonstrates that the radiometric calibration
uncertainty for Side-2 is nearly the same for Side-1.

C. Radiometric Comparisons between Observations and
Simulations

The radiometric impact of the instrument side switch is
investigated using the double difference method and
considering radiative transfer simulations as the radiometric
transfer reference. This type of radiometric comparisons has the
advantage of performing the impact study over the entire global
domain and is not limited to a particular region. Simulated
SNPP CrIS radiances at full spectral resolution were generated
using the Community Radiative Transfer Model (CRTM)
model and geophysical products from the European Center for
Medium-range ~ Weather  Forecasts (ECMWF)  3-h
analysis/forecast global model data with 91 levels and 0.25 x
0.25 degree spatial resolution. The difference between observed
and CRTM simulated radiances were calculated at the
collocated CrIS FOVs. The double difference is an indirect
comparison method that requires a stable transfer reference [8].
In order to achieve this condition, the radiometric comparisons
were limited to homogeneous clear scenes, over ocean, within
+65°latitude. This strategy contributes to reduce the radiometric
errors associated with the modeling of cloud fields, surface
temperature, as well as surface emissions and reflections from
land, ice and snow surfaces. Homogenous clear scenes were
obtained using a hyperspectral infrared cloud detection
algorithm based on [9] which has been successfully applied to
CrlS observations as described in [5]. The algorithm has the
capability to effectively identify cloud-contaminated scenes
taking advantage of the pre-calculated observation-minus-
simulation IR radiance differences. The cloud detection scheme
does not rely on visible spectral information. In order to remove
the effect of solar radiation on the simulated radiance, only
clear-sky CrIS FOVs over ocean surface at nighttime were
selected. The radiometric difference between SNPP Side-1 and
Side-2 can be estimated using the double difference method, as
expressed in Equation (1),

DDyppi = (BTigsizer — BT1s,p)i — (BT19sizez — BT19)i

)
where BT 5ige1 and BT, g p represent the daily SNPP observed
and simulated spectra, respectively, in brightness temperature
in year 2018, when the instrument was operating under Side-1
electronics. Similarly, BT;giqe, and BT;qp represent SNPP
observed and simulated spectra, for the same day when
BTigsige1 and BT gp where obtained, but during 2019 and
when SNPP was functioning using the instrument Side-2
electronics. The symbol { ); is used to represent the daily
average operation. If the daily averaged simulations for 2018
and 2019 were statistically equivalent, the radiometric bias
(systematic error) associated with the simulations would be
cancelled out in the double difference process, thus providing
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the actual mean radiometric difference, at all channels, due to
instrument side switch. However, due to the intrinsic radiative
transfer model errors and biases in the input atmospheric
profiles, particularly in the trace gases, the double difference in
Equation (1) includes the residual simulation bias combined
with the radiometric impact due to the SNPP side switch. In
order to minimize the effect of the residual simulation bias, the
effective radiometric difference for the SNPP side switch is
estimated as
8; = DDyppi — DDp3o,i

@)
where Dy,o; is the double difference calculation similar to
Equation (1) but using the NOAA-20 CrIS observations and the
collocated CRTM simulations during the same comparison
period. This idea is verified here using daily global data
collected over several months. The double difference for the
NOAA-20 CrIS (Dy,o,;) serves as a reference for measuring the
radiometric performance of the SNPP side switch, because the
NOAA-20 CrIS has almost identical hardware design as the
SNPP Side-1/Side-2 and operates in almost the same orbit as
SNPP, with the half-orbit along-track separation. Furthermore,
the NOAA-20 CrIS SDR data holds similar quality to SNPP
CrIS SDR data and reached the validated maturity level on 14
August 2018. Since the same version of CRTM model was used
in the simulation and the ECMWF 3-h analysis/forecast global
model remained the same in 2018 and 2019, the model
simulation biases have nearly the same effect in the calculations
of Dypp; and Dy, ;. Due to that, the effect of the CRTM model
error and the simulation input biases is minimized when
comparing the double difference calculations for the SNPP and
the NOAA-20, as defined in Equation (2). Thus, the effective
radiometric difference §; should mainly reflect the radiometric
differences between the SNPP and NOAA-20 CrIS SDR data
and the errors introduced into the statistics of the §; estimate,
primarily associated with random processes. The possible
sources of random errors include 1) the instrument noise levels
of SNPP and NOAA-20, 2) the varying degrees of daily global
coverage by the SNPP and NOAA-20 observations, and 3)
undetected cloud contamination of the SNPP and NOAA-20
observations. These random errors can be reduced by averaging
the sample &; estimates over all days when the double
differences are calculated. The overall mean effective
radiometric difference for all channels can be obtained by
calculating the sample mean (§). The uncertainty can be
assessed by the standard deviation (o) of the §; samples. In this
study, the sample standard deviation (o) is used to measure the
amount of variability for N samples of §; deviated from the
sample mean (§).

The observed and simulated radiances were computed on a
daily basis for the August 15 to December 31 timeframe, for the
years 2018 (Side-1) and 2019 (Side-2), respectively. During the
2019 August-December period, the SNPP CrIS instrument was
operating under Side-2 electronics, since the side switch was
fully completed at the end of June 2019. The number of daily
selected data points is ~90,000 and ~12 million in total between
mid-August and the end of December. This dataset is
statistically sufficient for this study. During this period, there is
a total of N=139 samples (or days) (i = 1,2,.., N) available for
determining the effective radiometric impact statistics. Here,

the sample mean (&) is used to represent the long-term effective
radiometric impact of the SNPP side switch. For comparison
purposes, the effective radiometric difference was determined
using two contiguous periods, where the SNPP instrument was
operating under Side-1 electronics. In this case, the 2018
September-October and November-December periods were
selected to determine the Side-1 effective radiometric
difference. This radiometric difference was defined as &;. Fig.
9 shows the long-term effective radiometric difference due to
the SNPP side switch (§) along with the Side-1 effective
radiometric difference (8;). The reported standard deviation
characterizes the uncertainty of &. It is evident that the side
switch radiometric impact is quite small at the LWIR and
MWIR bands (< 0.02 K) and within the statistical uncertainty
of the selected approach. It is possible that some of the
radiometric impact reported in Fig. 9 comes from the effect of
assimilating CrIS observation into ECMWF. However, this
effect is expected to be minimal due to (1) the bias correction
applied to the CrIS observations before the assimilation
process, (2) the contributions from other assimilated
observations, (3) the fact that no CrIS SWIR channels and only
a few CrIS channels over the MWIR band are assimilated by
ECMWEF (less than 40 channels, as described in Section VI) and
(4) the small radiometric impact associated with the side switch,
verified in this manuscript using other approaches. Fig. 9 shows
that most of the radiometric impact of the side switch is
observed over the SWIR band (<0.1K). When comparing § and
8, over the MWIR band, no statistical difference is observed,
indicating the radiometric consistency between the MWIR
Side-1 and Side-2 performance, and demonstrating the effective
instrument calibration performed after the successful recovery
of the MWIR band. In general, those results show that the
radiometric impact is statistically not significant and in
agreement with the assessment results presented in this Section
using other methodologies.
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Fig. 9. The long-term effective radiometric impact of the SNPP CrlS side
switch on the radiometric calibration performance (red-solid curve) and the
corresponding  standard deviation (black-dash curve), in brightness
temperature, derived from daily radiometric comparisons between observations
and simulations carried out within the August 15th to December 3 1 st timeframe
for the years 2018 (Side-1) and 2019 (Side-2). For comparison purposes, the
radiometric differences found between two periods (September-October 2018
and November-December of 2018) when the instrument was operating under
Side-1 electronics is reported (green-solid curve).

D. CrIS/IASI SNOs

Comparisons between the SNPP CrIS Side-1 and Side-2
radiometric performance were carried out using observations
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from the MetOp-B IASI as the radiometric transfer reference.
The TASI instrument [10] on MetOp-B is a stable and well-

(a) SNPP ClS Side 1 (Aug-Dec 2018), SNPP CriS Side 2 (Aug-Dec 2019)
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Fig. 10. The (a) SNPP CrIS mean brightness temperatures and (b) mean
brightness temperature differences between SNPP CrIS Side-1 and MetOp-B
IASI (blue-curve) and SNPP CrIS Side-2 and MetOp-B IASI (red curve), as
well as (c) the double difference between Side-1 and Side-2 with the 2c
uncertainty (black and gray curves, respectively) for daytime observations
(solar zenith angle greater than 95 degrees).

calibrated hyperspectral infrared sounder with no spectral gaps
and finer spectral resolution compared to CrIS. Thus, the IASI
spectra can easily be deconvolved onto the CrlS spectral grid to
make a direct comparison. Additionally, since SNPP is in the
mid-afternoon orbit and MetOp-B is in a mid-morning orbit,
each with different altitudes, the CrIS and IASI sensor will view
the same scene within a short interval of time during the
simultaneous nadir overpasses (SNOs) of the two satellite
platforms. Comparisons made during SNOs are a well-
established technique for comparing two radiometers [11]. By
comparing both Side-1 and Side-2 to MetOp-B IASI,
radiometric differences between Side-1 and Side-2 can found
via the double difference method. If properly applied, the
method is expected to cancel out the MetOp-B IASI transfer
reference. SNOs between SNPP CrIS and MetOp-B IASI occur
roughly every 50 days. When that happens the SNOs last
several days and occur for each orbit. SNOs are limited to the
polar regions. Within the vicinity of the SNO, pairs of CrIS
FOVs are spatially matched with IASI FOVs based on the
following criteria: 1) FOVs within 13 km of one another and
time difference of less than 2 minutes, and 2) the ratio of cosines
of the satellite zenith angle for each FOV pair is less than 0.1.
Finally, to limit errors due to collocation uncertainties, only
homogeneous FOVs are considered. The scene homogeneity is
assessed by collocating SNPP VIIRS pixels within each CrIS
FOV. Only CrIS FOVs for which the coefficient of variation
(ratio of the sample standard deviation to the mean) of the M16
VIIRS band is less than 0.05 are retained [12]. Fig. 10 shows the
results of the CrIS/IASI intercomparison for daytime
observations. The Side-1 SNOs occurred between August and
December of 2018 and Side-2 SNOs occurred between August
and December of 2019. Fig. 10(a) shows the mean brightness
temperatures for the Side-1 CrIS FOVs and the Side-2 CrlIS
FOVs. Similarly, Fig. 10(b) shows the mean biases between
CrIS and IASI FOV pairs. Fig. 10(c) depicts the impact of the
instrument side switch by means of the double difference
between Side-1 and Side-2. These results show that the

radiometric differences between Side-2 and Side-1 are within
+0.1K for the LWIR and MWIR band, and smaller than +0.2K
for nearly all channels over the SWIR band. Those radiometric
changes are not statistically significant, since they are within
the statistical uncertainty. The larger uncertainty observed in
the SWIR band is mainly associated with the cold scene
temperatures observed at the CrIS/IASI SNO location, which
occur over the polar regions.

E. CriS/AIRS SNOs

The SNO comparison between SNPP CrlS at full spectral
resolution and the AIRS on-board the NASA’s Earth Observing
System Aqua spacecraft [13] were also carried out to evaluate
the impact of the SNPP CrIS side switch. In contrast to the
comparisons against IASI, AIRS comparisons are not limited to
polar region domains and allow comparisons over a larger
dynamic range of scene observations. With respect to the spatial
and temporal matchup criteria, the CrIS and AIRS
intercomparison is based on SNO locations that occur within a
time difference of 12 minutes. The comparisons are restricted
to near nadir observations. In this respect, only CrIS and AIRS
observations that fall within an ellipse centered at the SNO with
a minor axis of 75 km and with scan angles of less than 10°
have been used. For CrlIS, this corresponds to near nadir
observations made at FORs 13, 14, 15 and 16, 17, 18. The scan
angle difference between CrIS and AIRS is set to less than 3°.
Thus, only observations where AIRS scan angles are within 3°
of CrIS mean SNO angle are selected. The comparisons were
limited to latitudes within +40°. In order to assess scene
homogeneity, only matchups where the standard deviation of
the AIRS radiance at 900 cm™ is less than 1 mW/(m? sr cm™")
are kept.

AIRS L1C v6.1 data was used in this analysis but only for
the L1B channel set. The AIRS spectral response functions
were applied to oversampled CrIS observations in order to map
the CrIS data onto the AIRS spectral grid. However, since the
AIRS grating has a variable spectral resolution in the
wavenumber domain, a heavy spectral smoothing was applied
to degrade the CrIS minus AIRS brightness temperature
differences. CrIS/AIRS SNOs were collected for two periods,
from July to December 2018 and July to December 2019, which
correspond to six months of data of the SNPP CrIS instrument
operating under Side-1 and Side-2 electronics, respectively.

Using the AIRS observations as the radiometric transfer
reference, the radiometric impact of the CrIS side switch was
determined by applying the double difference approach over the
two periods where large ensemble of CrIS/AIRS SNOs were
collected. Following the robust methodology described in [14,
15], the radiometric difference between the CrIS and AIRS
observations corresponds to a weighted mean difference, where
the weights are defined by the inverse of the spatial variance
within each big circle SNO. The uncertainty in the weighted
mean differences is also estimated. Fig. // shows the AIRS
mean brightness temperature, and the mean radiometric bias
between CrIS and AIRS for the July-December period in 2018
and 2019. The bottom plot of Fig. 11 reports the radiometric
impact associated with the instrument side switch in the form
of the double difference, with AIRS as the transfer reference.
These results show that most of the radiometric differences
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before and after the side switch are well within 0.1 K for most
Cr1IS channels, particularly over the LWIR and MWIR band and
are well within the statistical uncertainty of the methodology.
The largest change in the mean difference is found in the SWIR
band over the cold scenes around the 2300 cm™ which are
sensitive to small radiance uncertainties. These results, based
on long-term intercomparisons against AIRS observations, are
in agreement with other results presented here that show that
radiometric differences over the side switch are not statistically
significant.

In general, the largest radiometric differences occur in the
SWIR band. Since those differences occur where the signal-to-
noise (SNR) is lower, this indicates that the differences are
dominated by the noise (noise-limited) rather than to changes
in the radiometric calibration. Based on the results derived from
several long-term radiometric performance analyses regarding
the CrIS Side-2 radiometric calibration, no reasons were
identified to change the radiometric calibration coefficients or
the corresponding estimate of on-orbit radiometric uncertainty.
Therefore, the radiometric uncertainty and radiometric stability
estimates for the Side-2 remain unchanged from Side-1, as
shown in Table 3. The less than 10 mK ICT temperature
difference seen on-orbit, after switching from Side-1 to Side-2
electronics, is consistent with results observed in pre-launch
TVAC External Calibration Target (ECT) data. In addition to
that, the pre-launch ECT view data has also shown no changes
in the nonlinearity performance from Side-1 to Side-2, which is
consistent with the on-orbit results presented here. This is
totally expected due to the fact that the instrument detectors and
preamplifiers are not changed during the sensor side switch.
The results reported in this section strongly indicate the high
radiometric quality consistency between the SNPP CrIS Side-1
and Side-2 calibrated observations. Thus, no impact is expected
in the products derived from the CrlIS observations.
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Fig. 11. Top: Plot of the mean brightness temperature spectra from July to
December 2018 and July to December 2019. Middle: Overlay of mean CrIS
minus AIRS brightness temperature for Side-1 and Side-2. Bottom: Double
difference plot between CrlS Side-1 minus AIRS, and CrIS Side-2 minus AIRS.

IV. RADIOMETRIC NOISE ASSESSMENT

The noise equivalent radiance differential (NEAN) estimates
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are reported as part of the CrIS SDR product. The NEAN
Fig. 12. Radiometric noise (NEdN) estimates (a) before the MWIR failure on

19 December 2018 (b) during the MWIR band anomaly on 4 April 2019 and
(c) after the switch to Side-2 electronics on 1 August 2019.
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calculation uses the on-board ICT, a high emissivity hot black
body, and the deep space calibration views [16]. During the
MWIR band failure, the NEAN was closely monitored. Fig. 12
shows the NEdN before (electronic Side-1), during (electronic
Side-1), and after the MWIR failure (electronic Side-2).
Overall, the NEdN changes were not significant from
December 2018 to August 2019. Fig. 13 shows the orbital mean
percent change in NEdN between 15 August 2018 (electronic
Side-1) and on 31 December 2019 (electronic Side-2). Only the
SWIR FOV7 shows a noticeable noise increase of about 15%.
In general, the NEAN change is within +5%. In order to assess
the long-term noise performance, Fig. 14 shows the time series
of the NEdN from 1 July 2019 to 30 June 2020. The LWIR
FOV2 shows a noise increase on September 7 and 8 of 2019.
The potential root source of this anomaly can likely be traced
to a sudden electric charge and discharge in an electronic
component linked to the LWIR FOV2 detector. Apart from this
anomaly, the result presented in Fig. 74 confirms the noise
stability of the 27 SNPP CrIS FOVs and the noise consistency
before and after the instrument side switch. Due to the
importance of quantifying the instrument inter-channel noise
correlations for weather forecast and environmental monitoring
applications, Fig. 15 reports the full correlation factor matrix
representation of Side-1 and Side-2. This result helps to
quantify the inter-channel noise correlation before and after the
side switch. In general, no significant changes have been
observed after the SNPP CrIS instrument was configured to
operate using the Side-2 electronics.
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(a) NPP FOV9 Correlation Matrix, 2018-08-15
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(b) NPP FOV9 Correlation Matrix, 2019-12-31
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Fig. 15. CrIS SNPP FOV9 full correlation matrix on 15 August 2018 before
the side switch (a) and on 31 December 2019 after the side switch (b).

V. GEOLOCATION CALIBRATION ASSESSMENT

After the instrument side switch, it was important to assess
the quality of the geolocation of the CrIS SDR product due to
its impact on the assimilation of SNPP CrIS radiances and in
the generation of geophysical products that combine CrIS and
ATMS observations. The geolocation calibration and the
calculation of the SNPP CrIS SDR geolocation uncertainty
makes use of the high spatial resolution (375 m) SNPP VIIRS
IS band observations that are spatially collocated and
temporally coincident with the CrlIS observations [17, 18]. For
this purpose, the VIIRS I5 pixels observations are spatially
averaged over the individual CrIS FOV footprint on the Earth
surface. For the spectral matching between the CrIS and VIIRS
observations, the CrIS hyperspectral observations in the LWIR
band are multiplied and integrated with the VIIRS-I5 band
spectral response function (SRF) and then normalized. This
operation gives a single radiance value where its related
brightness temperature is compared against the corresponding
VIIRS brightness temperature. These steps allow the
comparison of the CrIS and VIIRS observations.

For the geolocation calibration, the next step is to form a cost
function based on an ensemble of the CrIS minus VIIRS
differences. This cost function is minimized by shifting the
VIIRS pixels location. The location of the best fit VIIRS pixel

corresponds to the optimal latitude-longitude adjustment of the
CrIS FOV center location. After a series of geometric
transformations, this latter latitude-longitude adjustment is
transformed into an adjustment of the commanded orientation
angle of the CrIS instrument upfront pivoting mirror of the
scene selection module (SSM) for both the in-track and cross-
track directions. Using this process, for each of the 30 FOR
scanning angles (index i), optimized cross-track (A.,;) and in-
track (A, ;) SSM angles are generated. This result in a total of
60 SSM angle values for a given orbit. An average over three
days is used to generate the optimal set of these 60 SSM angles.
Those optimal SSM angles are uploaded to the spacecraft
within the engineering packet table, which is regularly
downloaded as part of the sensor data stream, and utilized by
the ground data processing to define the geolocation of the CrIS
calibrated observations. It is important to mention that the
geolocation calibration was performed only after the sensor
spectral calibration was completed, since it includes new
detector positions relative to the interferometer optical axis.
Using CrIS SDR data generated with the new set of
optimized SSM angles, the assessment of the CrIS SDR
geolocation is performed using the VIIRS-I5 observations as
the geolocation reference. As part of this process, the SSM
angle error in the cross-track (64.,;) and in-track (64;,,;) for
each FOR scanning index i is calculated. By taking the
contributions of the systematic and random components of the
CrIS cross-track and in-track SSM angles errors, and the VIIRS
geolocation uncertainty, the SNPP CrIS angular geolocation
uncertainty for a given FOR (§4,;) can be expressed as

52, = (87,.1)" + (A1) + VAR(82cys) + VAR (821
‘ +[tan~*(A2y 1 rs/H)]?

. _ 3)
where the terms 64, ; and 64;,,; represent the systematic SSM
angle errors in the cross-track and in-track directions,
respectively, for a particular FOR. The terms VAR (6/1”‘1-) and
VAR((Yxlm‘l-) are the variance of the SSM angle errors in the
cross-track and in-track directions, respectively, representing
the random error contributions. The last term of Equation (1)
represents the contribution from the VIIRS geolocation angle
uncertainty, where AAy;rs represents the VIIRS geolocation
uncertainty in meters, which is about 92 meters [19], and H
represents the instrument mean altitude, which is approximately
824 km.

On 24 June 2019, the EP version 38 was uploaded containing
the initial electronic Side-2 calibration coefficients. On 28 June
2019, the EP version 39 was uploaded, and it contained adjusted
coefficients, such as the programmable gain amplifier tables, to
optimize the instrument performance. The EP version 39 did
not contain calibration adjustments for the instrument line
shape (ILS) parameters nor the geolocation calibration. An
offline intermediate SDR product data set was then generated
using the EP version 39 modified with the new estimated ILS
parameters. Using this intermediate SDR data set, the
geolocation parameters were estimated and integrated into the
EP version 40 that became operational on 1 August 2019. Fig.
16 shows a time series of the geolocation accuracy during the
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CrlS S-NPP Daily Geolocation Accuracy in 2019, FOR15
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Fig. 16. SNPP CrIS SDR geolocation accuracy estimates for FOR 15 (a), and
FOR 30 (b) during the year 2019.

year 2019 for FOR 30. The FOR 30 has the largest geolocation
error compared to the other FORs. This could be associated
with the footprint of the CrIS and VIIRS instruments that gets
bigger at the highest cross-track location, where the match of
these two footprints are not as good compared to the nadir
location. However, additional assessment is needed to further
understand this performance. For the period in which the
instrument was operating using Side-1 electronics, the
geolocation accuracy had a systematic bias of about 200
microradians (purad) and it remained stable during the loss of
the MWIR band. A large geolocation error was introduced
during the operational use of the EP version 38 and 39
(electronic Side-2). After the upload of the EP version 40, the
geolocation accuracy has improved with respect to the Side-1
performance and appears to have a seasonal variation on the
order of 100 microradians. The geolocation accuracy of the
CrIS SDR validated product is within 200 microradians, which
corresponds to approximately 250 meters. This value is well
below the JPSS Level-1 geolocation accuracy requirement
(about 1.5 km). In order to further understand the long-term
performance of the SNPP CrIS SDR geolocation and the impact
of the side switch, Fig. /7 presents the geolocation accuracy
estimates and the total SNPP CrIS SDR uncertainty as function
the 30 FORs for two days with largest geolocation errors, one
occurring six months before the MWIR band failure and
another observed six months after the upload of the EP version

40. On 15 January 2019, the highest geolocation uncertainty
occurred at the FOR 11. For this case, the total geolocation
uncertainty amounts to 181 meters at the corresponding nadir
location. On 12 November 2019, the highest geolocation
uncertainty occurred for the FOR 29 amounting to 187 meters
at the corresponding nadir location. These results show that the
geolocation uncertainty meets the specification with margin
both before the side switch and after the upload of the EP 40 for
all FORs. However, the geolocation uncertainty is very high
from 24 June 2019 to 1 August 2019 during the use of EP
version 38 and 39.

CrIS Geolocation Accuracy on 15 Jan. 2019
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Fig. 17. SNPP CrIS SDR geolocation accuracy (in-track and cross-track) and
the total geolocation uncertainty for the 30 Earth scenes FORs position on 15
January 2019 with the electronic Side-1 (a) and on 12 November 2019 with the
electronic Side-2 (b).

VI. IMPACT AND BENEFITS FOR RESTORING THE FULL
CAPABILITIES OF THE SNPP CRIS INSTRUMENTS

The operational assimilation of the first SNPP CrIS
observations occurred just a few months after reaching the JPSS
validated maturity level on 31 January 2013 at the NOAA
National Weather Service (NWS)/National Centers for
Environmental Prediction (NCEP). The efforts to assess the
impact of the SNPP CrIS data started on 20 Aug 2012 [20],
while its assimilation as part of the operational Global Forecast
System (GFS) took place on 20 August 2013, when
implemented in the Global Data Assimilation System (GDAS)
[21] at 1200 UTC. At the United Kingdom Meteorological
Office (Met Office), the assimilation of the SNPP CrIS
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radiances became operational on 30 April 2013 [22]. At the
European Centre for Medium-range Weather Forecasts
(ECMWF) the operational assimilation started with 78 CrIS
channels on 22 January 2015. Later, on 22 November 2016, the
number of assimilated CrIS channels was increased to 117 [23],
and further to 118 on 11 July 2017.

The impact of the loss of the SNPP CrIS observations on
headline NWP forecast scores is presented in Fig. /8, including
the forecast impact of losing only the SNPP CrIS MWIR band.
The major forecast impact associated with the lack of access to
SNPP CrIS radiances occurred over the North Hemisphere at
forecast days 3 and 5. The analysis also shows that no
statistically significant impact is observed from losing only the
SNPP CrIS MWIR band. Fig. 18 results do not account for
NOAA-20 CrIS observations, however, the weather forecast
impact during the loss of the SNPP CrIS MWIR band was
mainly mitigated due to the redundancy provided by NOAA-20
CrlIS radiances. Both SNPP and NOAA-20 occupy the same
orbit with half-orbit (about 50 min) separation. NOAA-20 was
designated as the primary afternoon (PM) satellite during the
week of 11 February 2019, about one month before the failure
of the SNPP CrIS MWIR band. By this time, the NOAA-20
CrIS SDR product had already reached the JPSS validated
maturity level on 14 August 2018.

2-May-2016 to 31-Aug-2016 from 224 to 243 samples. Verified against own-analysis.
Confidence range 95% with AR(2) inflation and Sidak comrection for 8 independent tests
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Fig. 18. Forecast impact of the denial of all SNPP CrIS radiances at NSR in the
ECMWF NWP system (black-line) verified against ECMWEF analysis. The red-
line result corresponds to the loss of the SNPP CrIS MWIR band. Positive
values indicate forecast skill degradation due to using less data. The SNPP CrIS
data is from 2 May 2016 to 31 August 2016.

The loss of the SNPP CrIS MWIR band signified the loss of
channels sensitive to atmospheric water vapor. However, the
major impact of the assimilated CrIS observations comes from
LWIR channels which are critical for providing tropospheric
and lower stratospheric temperature information. Compared to
the LWIR temperature channels, only a few MWIR channels
sensitive to water vapor were assimilated at ECMWF at the
time preceding the loss of the SNPP CrIS MWIR band. The
NWP operational systems are highly resilient systems that rely
on a robust and diverse global observing system [24] to obtain
global temperature and water vapor information. This includes
microwave and infrared observations from operational polar-
orbiting and geostationary satellites that form part of the
Environmental Observation Satellite network.
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Fig. 19. The effects of the SNPP CrIS side switch on the (a) number of
assimilated observations and on the mean departure between observed SNPP
CrIS Side-2 brightness temperatures and simulated brightness temperatures
from the six-hour forecast, or “guess”, (blue-line) and the analysis fields (red-
line) through the side transition (b) before and (c) after bias correction at
channel 91 (706.25 cm™) in the NOAA/NCEP operational data assimilation
system. The standard deviation of the departures before bias correction is shown
in (d).

After the recovery of the MWIR band, and the full
recalibration of the SNPP CrIS sensor, the quality and impact
of SNPP CrIS SDR Side-2 product was assessed within the
NCEP and ECMWF systems. Some results provided by those
institutions are presented in this section. The effects of the
SNPP side switch on the NOAA/NCEP operational data
assimilation system are presented in Fig. 19. Fig. 19(a)
illustrates the impact in the number of assimilated observations
around the instrument side switch for the lowest-noise channel
(706.25 cm™'). A reduction in the number of assimilated
observations is clearly observed during the actual switch to the
redundant electronics on 24 June 2019. A few days after this
event, the number of observations became stable and nearly at
the same level as before the instrument side switch. This is
particularly evident on 28 June 2019, when the quality of the
Side-2 SDR data reached the provisional maturity level. This
result suggests that changes in the quality of the SNPP CrIS
radiances were captured by the data assimilation quality
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control. Fig. 19(b)-(c) show the mean departure between
observed and simulated SNPP CrIS brightness temperatures
before and after bias correction through the side transition. A
small change in bias of ~0.02 K is seen in the uncorrected bias
following the side switch. These results show how the system
reacted to a small bias change when the side switch occurred.
The bias correction adapts immediately after the instrument
side switch to compensate. As shown in Fig. 19(d), the standard
deviation did not significantly change suggesting no significant
change in the quality of the data from switching sides. After the
instrument transition, NCEP reported that the observations
from MWIR band were available with reasonable statistics (not
presented here). Presently, eight MWIR band channels,
sensitive to water vapor, are assimilated at NCEP.

Further assessment of the quality of the SNPP CrIS SDR
Side-2 product was carried out by observing the impact on the
Observation minus Background (O-B) statistics for selected
SNPP CrIS channels before and after the instrument side
switch. This task was performed at ECMWF by computing the
standard deviation of the departure of SNPP CrlS over the last
47 days of 2018 (Side-1) and 2019 (Side-2), which are
presented in Fig. 20. These results are normalized by the
standard deviation of the O-B of NOAA-20 CrIS SDR in order
to identify any change in noise in the LWIR band of the SNPP
CrIS SDR Side-2 products. By observing the results in Fig. 20,
it is clear that no significant statistically differences are
identified after the SNPP CrIS side switch, confirming the
consistency between the Side-1 and Side-2 SDR products. At
ECMWEF, the number of assimilated CrIS MWIR band channels
increased from 7 to 37. This happened on 14 November 2019
for NOAA-20 and on 15 September 2020 for SNPP. Both of
these changes were backed up by positive forecast impact in
experimental suites. The combined use of LWIR and MWIR
bands now totals 148 channels from each CrIS instrument
onboard SNPP and NOAA-20 satellites.
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Fig. 20. Standard deviation of the Observation minus Background (O-B)
departure of SNPP CrlIS in the last 47 days of 2018 (top) and 2019 (bottom),
normalized by the standard deviation of the O-B of NOAA-20 CrIS. The peak
pressure in the CO, and Os sounding channel figures refer to the level at which
each channel's weighting function has the maximum value. The wavenumber-
space figures contain all channels in the range 650-900 cm™’, but no O channels.

Due to the recent recovery of the SNPP CrIS instrument and
the demonstrated high quality of the CrIS -calibrated
observations, presently, the SNPP CrIS observations are being
assimilated at operational NWP centers and used in near real-
time by Direct Broadcast (DB) users to support their forecast
capabilities. In addition to that, it is possible to take advantage
of the spatial and temporal coverage resulted from combining
SNPP and NOAA-20 CrIS observations. In regions with nearly
clear-sky conditions, there is higher value of CrIS observations,
due to the fact that more observations will pass the quality
control during the assimilation process. During the very active
2020 Atlantic hurricane season, the CrIS observations from the
SNPP and NOAA-20 CrIS instruments were assimilated by
NWP centers. Fig. 2/ shows that by combining the
hyperspectral infrared observations from the two on-orbit CrIS
instruments observation gaps are reduced resulting in improved
spatial coverage.
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Fig. 21. CrlIS observations from NOAA-20 (left) and SNPP (right) at 900 cm’!
during the development of the tropical cyclone Laura (top), on 26 August 2020,
and Beta/Teddy (bottom) on 20 September 2020. As shown inside the red-
rectangles, combining CrIS observations helps to reduce observation gaps and
increases the temporal resolution of Earth observation.

The other major application for the CrIS instrument is the
NOAA-Unique Combined Atmospheric Processing System
(NUCAPS). The CrIS instrument is used in conjunction with
the Advanced Technology Microwave Sounder (ATMS)
observations to derive environmental data record (EDR)
products over all-weather conditions, providing nearly global
coverage. The CrlIS observations are acquired at a critical time
for the evaluation of the thermodynamic conditions of severe
weather. Of particular interests are observation in the early
afternoon, given that this is typically the time-frame of the
initiation of convection. NUCAPS CrIS/ATMS soundings have
demonstrated value in the detection of cold air aloft in Alaska
[25, 26], characterizing the pre-convective environment to
improve forecasts of severe weather [27-29], improving the
tropical cyclone forecasts [30], and air quality forecasts using
sounder-derived ozone [31] and carbon monoxide retrievals
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[32]. Typically, forecasters require soundings in the most
difficult scenes. With the loss of the SNPP midwave band the
NUCAPS water vapor retrievals were degraded, both in global
coverage and skill. While ATMS did provide the necessary
information content to provide reasonable EDRs, the SNPP
product was shown to be measurably different than the NOAA-
20 product. Figure 22 shows an example of the NUCAPS total
precipitable water vapor product, derived using CrIS and
ATMS observations from the SNPP and NOAA-20 satellites.
In this figure it can be seen that SNPP complements the
observations of NOAA-20 in that when there is an orbital gap
or edge of scan observations in one satellite the other satellite is
viewing at nadir. Subtle differences are also seen over the 50-
minute difference in observation time. Having a fully
functional CrIS instrument on both satellites allows us to
attribute these differences to changes in meteorology rather
than algorithm changes due to the instrument spectral coverage.

Fig. 22. NUCAPS SNPP (left) and NOAA-20 (right) Total Precipitable Water
Vapor derived from CrIS and ATMS observations on 20 September 2020,
during the 2020 hurricane season. Those products hold similar quality over
global scale and benefit from the high quality and consistency of the CrlS and
ATMS.

VII. CONCLUSION

The JPSS Missions Operations Team (MOT) successfully
switched the SNPP CrIS from primary to redundant side
electronics without major issues. Full performance was restored
following the side switch, with redundant side performance
being comparable to that on the primary side. Even though
critical calibration electronics, including the ICT temperature
sensors, reside in the redundant circuitry, both sides had been
thoroughly checked out during ground testing and calibration
constants for both sides were available at launch. The
availability of this information was key for the successful
instrument restoration. The engineering packet parameters for
the redundant side were adjusted after the switch to optimize
SDR continuity over absolute accuracy. However, it is
important to highlight that the difference between optimizing
continuity versus accuracy is very small. This manuscript
demonstrates the high quality of the SNPP CrIS SDR Side-2
product after the full restoration and recalibration of the SNPP
CrlS instrument. The long-term radiometric assessment of the

SNPP CrIS SDR Side-2 product includes radiometric inter-
comparisons against SNPP/VIIRS, MetOp-B/IASI, Aqua/AIRS
and NOAA-20/CrIS observations as well as simulated
radiances. The evaluation of the spectral quality of the SDR
product was mainly based on simulated observations, while the
geolocation quality of the CrIS SDR product was assessed using
the high spatial resolution and accurate geolocation of the SNPP
VIIRS observations. The SNPP CrIS SDR products have been
reliably produced by IDPS since the transition to Provisional
Maturity on 1 August 2019. Derived from this intensive
evaluation and monitoring, following assessments of the SNPP
CrlIS instrument and SDR Side-2 product are given:
1. The spectral offsets among the 9 FOVs for all three bands
is within £2.5 ppm;
2. The radiometric FOV-to-FOV consistency is within 0.1 K;
3. The on-orbit NEdN for all FOVs and bands are within the
specification (MW FOV7 is out of family as before side
switch) and comparable to SNPP CrIS Side-1;
4. The in-track and cross-track geolocation uncertainty is
within 200 meters, relative to SNPP VIIRS, for all FORs;
5. The rate of good data quality after instrument side switch
is greater than 99.7%, which is the same as Side-1 data
quality rate.

The quality of the SNPP CrIS SDR Side-2 product is
sufficient to be used in operational environments as confirmed
by inputs from NOAA/NWS/NCEP, ECMWF and the Naval
Research Laboratory (NRL). Weather forecast centers are
planning on increasing the number of MWIR band channels,
due to the favorable impact of assimilating channels sensitive
to tropospheric water vapor. ECMWF has already increased
from 7 to 37 the number of assimilated CrIS MWIR channels
for both NOAA-20 and SNPP. Major observations derived from
the assessment of the SNPP CrIS SDR product are listed below:
1. The long-term statistical performance of the difference

between observations and background, monitored at NWP
centers, confirmed the consistent and stable quality of the
SNPP CrIS SDR data before and after the side switch;

2. No identifiable changes were observed in the standard
deviation of O-B over the assimilated SNPP CrIS Side-2
observations. The standard deviation is within the
expected NWP errors;

3. The overall observed impact for SNPP CrIS observations
is still consistently positive, with no issues of concern. No
adjustments to the quality control or observation error were
needed to accommodate the impact of the side switch. The
SNPP CrIS sensor continues to provide benefits to the
NWP skill;

Takeaways from this work are not only around the
importance and benefits of the CrIS instrument design
redundancy, but also around the lessons learned during the
switch to Side-2 electronics. Those lessons will be relevant to
respond with more efficiency and promptitude during a similar
event found within the CrIS program in the future. Examples of
lessons learned include the needed improvements to the
process for transferring updates to the initial geolocation
parameters from the primary to the redundant side. The first
guess for the on-orbit redundant side geolocation parameters
was not optimal, and the subsequent update for the in-track
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torque null position made the SNPP CrIS SDR geolocation
worse instead of better. In addition to that, it is critical to
maintain up to date configuration files for both primary and
redundant sides and the instrument activation procedures for the
redundant side.

The excellent performance of the CrlIS sensors on SNPP and
NOAA-20 will continue with the JPSS-2 CrIS sensor, planned
to be deployed into space around September 2022. In this
regard, a constellation of CrIS sensors will provide continuity,
redundancy and will enhance critical capabilities needed for
numerical weather forecasting and environmental monitoring.
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