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Abstract Animproved scheme for Cross-track Infrared Sounder (CrlS) geolocation assessment for all scan
angles (from —48.5° to 48.5°) is developed in this study. The method uses spatially collocated radiance
measurements from the Visible Infrared Imaging Radiometer Suite (VIIRS) image band I5 to evaluate the
geolocation performance of the CrlS Sensor Data Records (SDR) by taking advantage of its high spatial
resolution (375 m at nadir) and accurate geolocation. The basic idea is to perturb CrlS line-of-sight vectors
along the in-track and cross-track directions to find a position where CrlS and VIIRS data matches more
closely. The perturbation angles at this best matched position are then used to evaluate the CrlS geolocation
accuracy. More importantly, the new method is capable of performing postlaunch on-orbit geometric
calibration by optimizing mapping angle parameters based on the assessment results and thus can be further
extended to the following CrlS sensors on new satellites. Finally, the proposed method is employed to
evaluate the CrlS geolocation accuracy on current Suomi National Polar-orbiting Partnership satellite. The
error characteristics are revealed along the scan positions in the in-track and cross-track directions. It is found
that there are relatively large errors (~4 km) in the cross-track direction close to the end of scan positions.
With newly updated mapping angles, the geolocation accuracy is greatly improved for all scan positions (less
than 0.3 km). This makes CrlS and VIIRS spatially align together and thus benefits the application that needs
combination of CrlS and VIIRS measurements and products.

1. Introduction

The Cross-track Infrared Sounder (CrlS) is a Fourier transform spectrometer, providing sounding information
of the atmosphere with 1305 spectral channels with normal spectral resolution over 3 wavelength ranges:
long-wave infrared (9.14-15.38 um), middle-wave IR (5.71-8.26 um), and short-wave IR (3.92-4.64 um). CrIS
was first launched on Suomi National Polar-orbiting Partnership (SNPP) satellite in October 2011 and will con-
tinue to be on board the following Joint Polar Satellite System (JPSS) satellites. The geolocated, radiometri-
cally, and spectrally calibrated radiances with annotated quality indicators from CrlS—the so-called Sensor
Data Records (SDRs)—are used not only to retrieve atmospheric temperature and humidity profiles [e.g.,
Divakarla et al., 2014; Nalli et al., 2013] and trace gases [e.g., Shephard and Cady-Pereira, 2015] but more impor-
tantly to be directly assimilated into numerical weather prediction models as inputs [e.g., Eresmaa et al.,
2014]. Therefore, the data quality of the CrlS SDR is essential for these applications.

Intensive postlaunch calibration efforts have been carried out by the CrlS SDR team, focusing on improving
postlaunch spectral [Strow et al., 2013], radiometric [Tobin et al., 2013; Zavyalov et al., 2013], and geometric
calibration [Wang et al., 2013] accuracy of CrlS SDR data. Among them, the geometric calibration—which is
to accurately map CrlS line-of-sight (LOS) pointing vectors from the detectors to the geodetic latitude and
longitude on the Earth ellipsoid surface—is one of the important factors that impact CrlS SDR data quality.
Given the spatial resolution of CrlS field of view (FOV) of 14.0 km (at nadir), the designed specification for
CrlS geometric calibration accuracy is less than 1.5 km throughout the scan, which are from a tenth to a hun-
dredth of the FOV sizes varying with the scan angles. To achieve this goal, two efforts must be made. First, a
method that can quantify the accuracy of the CrlS geolocation relative to the truth reference should be devel-
oped. Second, once the symmetric errors are found, it is crucial to refine the geometric calibration parameters
based on the assessment results. Mainly focused on CrlS geolocation accuracy assessment, Wang et al.[2013]
used spatially collocated radiance measurements from the Visible Infrared Imaging Radiometer Suite (VIIRS)
band I5 to evaluate the geolocation performance of the CrlS SDR by taking advantage of high spatial resolu-
tion (375 m at nadir) and accurate geolocation of VIIRS measurements [Wolfe et al., 2013]. The basic idea is to
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mance by assuming the VIIRS geoloca-
tion fields as a truth (please refer to
section 2.1 on the details of VIIRS geolo-
cation accuracy). Although this study
has demonstrated that an intercalibra-
tion method of using spatially collo-
cated measurements from VIIRS is
effective to quantitatively evaluate geo-
location accuracy of CrlS with coarse
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Figure 1. An illustration showing that the goal of geolocation assess- among observations, there are still sev-
ment is to identify the error characteristics of LOS pointing vector
relative to the truth (VIIRS).
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eral unresolved issues. First, the method
can only evaluate the geolocation accu-
racy within 30° scan angle. As a result,
the evaluation results cannot comprehensively discover error characteristics of CrlS geometric calibration per-
formance. Second, the evaluation results are derived by shifting VIIRS images, which is challenging to diag-
nose possible errors of CrlS mapping parameters. Third, just like spectral and radiometric calibration, the
CrlS geometric calibration parameters should be further adjusted after the satellite was launched. However,
itis challengeable to adjust these geometric calibration parameters based on the previous method. This paper
improves the method by Wang et al.[2013] and presents a better scheme for CrIS geolocation assessment for
all scan angles based on CrlS line-of-sight (LOS) vectors. More importantly, the new method is capable of per-
forming postlaunch on-orbit geometric calibration by optimizing mapping angle parameters derived from
assessment results and thus can be further extended to the following CrlS sensors on JPSS-1 and JPSS-2.

Onthe other hand, the combination of high spatial resolution measurements from VIIRS and high spectral reso-
lution measurements from CrlS can take advantage of both spectral and spatial capabilities [e.g., Li et al., 2004];
hence, it can further improve atmospheric and surface geophysical parameter retrievals, data utilization for
numerical weather prediction models [e.g., Eresmaa, 2014], and intersensor calibration [e.g., Wang et al.,
2012]. For these applications, we need to put high spatial VIIRS pixels within CrlS FOVs using their own geoloca-
tion data sets, the so-called collocation process [Wang et al., 2016a, 2016b]. However, though onboard the
same satellite platform, VIIRS and CrlS are two independent instruments. The geolocation data sets of VIIRS
and CrlS are computed separately by their own geolocation algorithms with their own geometric calibration
parameters (e.g., instrument internal mapping angles and instrument mounting matrix). In other words, there
is noalignment requirement for CrlS and VIIRS. When the data from the two instruments are fused or collocated
together, the differences in their geolocation can result in higher uncertainties, especially when CrIS geoloca-
tion significantly differs from VIIRS. Therefore, another purpose of this study is to align CrlS observations with
VIIRS spatially by resolving their geolocation differences (hereafter, the misalignment between CrlS and
VIIRS refers to the significant difference of CrIS geolocation relative to the reference of VIIRS geolocation).
Finally, there are ongoing efforts for life-cycle data reprocessing for advancing weather and climate application
[Weng et al., 2016]. Once the newly calibrated CrlS geolocation parameters are applied in reprocessing, the
improved geolocation accuracy will generate higher-quality CrlS SDR and its downstream products.

The paper is organized as follows: section 2 summarizes the method, section 3 describes the geolocation
assessment results, section 4 presents the method of retrieving mapping angle parameters for further geo-
location improvements, and section 5 concludes the paper.

2. Method

2.1. Problem Statement

Several issues and considerations on CrIS geolocation evaluation and optimization are explored in this section
before the method is discussed in details. The first issue is the main objective of how CrlS geolocation should
be quantitatively evaluated. As illustrated in Figure 1, the goal of the CrIS geometric calibration is to accurately
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Figure 2. The procedures of inverse geolocation computation to derive the LOS vectors in the Spacecraft Body Frame coor-
dinate system from CrlS geolocation fields. The coordinate systems include (a) Local Spherical coordinate and Local East,
North, Up (ENU) coordinate system; (b) Geodetic Latitude, Longitude, and Altitude (LLA) coordinate system and Earth-
Centered, Earth-Fixed (ECEF) coordinate system; (c) Earth-Centered Inertial (ECI) coordinate system and Orbital Coordinate
System (OCS) coordinate system; and (d) Spacecraft Body Frame (SBF) coordinate system.

map satellite sensor LOS pointing vectors to geodetic longitude and latitude at each FOV for each scan posi-
tion on the Earth ellipsoid. For each scan, CrlS stepwise “stares” at the Earth step by step in the cross-track
direction from —48.3° to +48.3° with a 3.3° step angle, collecting 30 fields of regards (FORs) of the Earth scenes.
In each FOR, nine field stops define the 3 x 3 detector array for each wavelength band, which are arrayed as
3 %3 0.963° circles and separated by 1.1° [see Han et al., 2013, Figure 3]. The aim of geolocation assessment
is to identify the error characteristics of LOS pointing vector relative to the truth. It can be achieved by perturb-
ing the CrlS LOS vector at each scan position in both along-track and cross-track directions to find the offset
angles that are best matched to the truth. Therefore, the perturbation angles in the along-track and cross-
track directions at each scan position can be used to characterize the CrlS LOS vector errors.

The second issue is that in which coordinate system should the CrlS LOS vectors be perturbed? Generally
speaking, the CrlS geolocation calculation algorithm is divided into two parts, i.e., the sensor-specific algorithm
and the spacecraft-level algorithm. All the instruments on the SNPP and JPSS satellites share the common
spacecraft-level algorithm, which computes the intersection of the LOS vectors with the Earth ellipsoid to out-
put geodetic longitude, latitude, and other fields [Joint Polar Satellite System (JPSS) Configuration Management
Office, 2011a]. The parameters (e.g., satellite ephemeris and attitude and polar motion data) in the common
geolocation part are dynamic (or change with time) and also shared by all the instruments. The sensor-specific
algorithm computes CrlS LOS vectors relative to the Spacecraft Body Frame (SBF), which can be found in the
CrlS SDR Algorithm Theoretical Basis Document (ATBD) [JPSS Configuration Management Office, 2011b]. The
mapping angles [see JPSS Configuration Management Office, 2011b, Figure 48] at the instrument-level algo-
rithm were measured during the prelaunch test and were set as static values in the ground-processing soft-
ware. The systematic geolocation errors are mostly caused by the instrument-level parameters due to the
uncertainties of prelaunch measurements and other factors on orbit (e.g., satellite launch drift, gravity effects,
and thermal distortion). Based on the above practical consideration, the perturbation of CrIS LOS vectors
should be carried out at the CrlS instrument level instead of common geolocation part because any changes
in the common geolocation part will effect on all the sensors on the same satellite platform.
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Table 1. Summary of Coordinate Systems in the Common Geolocation Algorithm
Coordinate Systems Type Origin Variables

Local Spherical coordinate Spherical Measurement location (R, ©, D)
R: range (meter)
@©: zenith angle (degree)
®: azimuth angle (degree)

Local East, North, Up (ENU) coordinate Cartesian Measurement location (east, north, up) in meter
Geodetic Latitude, Longitude, and Spherical Earth center (w, 4, h)
Altitude (LLA) coordinate y: geodetic latitude (degree)

A: longitude (degree)
h: altitude (meter)

Earth-Centered, Earth-Fixed (ECEF) coordinate  Cartesian Earth center (x, y, 2) in meter
Earth-Centered Inertial (ECl) coordinate Cartesian Earth center (X, y, 2) in meter
Orbital Coordinate System (OCS) coordinate Cartesian  Spacecraft center of mass (X, y, 2) in meter
Spacecraft Body Frame (SBF) coordinate Cartesian  Spacecraft center of mass (%, y, 2) in meter

The third issue is the truth used as a CrlS geolocation assessment reference. For CrlS geolocation assess-
ment, the geolocation fields from VIIRS | bands are used as a truth in this study. The accuracy of VIIRS
geolocation has been comprehensively evaluated through the correlation between the Ground Control
Point data sets from Landsat and the measurements from VIIRS band 1 [Wolfe et al, 2013]. Excluding
some anomalies, the mean errors of VIIRS geolocation are about 26 m and 13m and the root-mean-
square errors are about 78m and 60m in the in-track and cross-track directions, respectively.
Compared to the CrlS coarse resolution (14.0km at nadir) and relatively low geolocation requirements
(1.5km for all scan positions), VIIRS geolocation is accurate enough and thus can be treated as a truth
to evaluate CrlS geolocation accuracy. We have developed a fast and accurate collocation method to col-
locate CrIS and VIIRS based on LOS pointing vectors in the Earth-Centered, Earth-Fixed (ECEF) coordinate
system [Wang et al., 2016b]. This method is not only accurate and precise from a mathematical perspec-
tive but also easy to implement computationally.

In summary, the whole idea is to produce new sets of CrlS LOS vectors through the perturbation, which are
repeatedly collocated with VIIRS LOS vectors. Based on CriIS-VIIRS brightness temperature (BT) differences at
each scan position, the best matched CrlS LOS vector can be found.

2.2. Inverse Geolocation Computation

In order to perform the perturbation in the in the SBF coordinate system, we need to perform inverse geolo-
cation computation to derive the CrlS LOS vectors in SBF using CrlS geolocation fields as inputs. These pro-
cedures are described in this part, as illustrated in Figure 2. Summarized in Table 1 are all coordinate
systems that are used in the common geolocation algorithms. The definition and description of these coor-
dinate systems can be found in the VIIRS Geolocation Algorithm Theoretical Basis Document [JPSS
Configuration Management Office, 2011a). The main steps are listed below, including

1. Computing the CrlS LOS vectors in the local East, North, Up (ENU) Cartesian coordinate system using satel-
lite azimuth and zenith angle as well as satellite range (the distance from the FOV center to satellite mass
center) for each CrlS FOV;

2. Converting the CrlS LOS vectors from the ENU coordinate system to in the Earth-Centered, Earth-Fixed
(ECEF) coordinate system using the geodetic latitude and longitude from each CrIS FOV;

3. Transforming CrlS LOS vectors from ECEF to Earth-Centered Inertial (ECI) using the Naval Observatory
Vector Astrometry Software (NOVAS) version 3.1 by doing rotations for wobble (polar wander), spin
(Earth rotation), nutation, and precession;

4. Computing the satellite velocity and position vectors in the Earth-Centered Inertial (ECI) coordinate sys-
tem from the satellite velocity and position vectors in ECEF (that are contained in the geolocation data
sets) and building the Orbital Coordinate System (OCS) based on these vectors;

5. Constructing the transformation matrix Tgcjoocs from ECl to OCS and then transforming CrlS LOS vectors
from ECI to OCS using the transformation matrix Tecipocs;

6. Calculating CrlS LOS vectors from OCS to SBF using the satellite attitude angles (roll, pitch, and yaw
angles) saved in geolocation data sets.
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Y: CrossTrack

The inputs for the above calculation
B = atan(y/z)

include geodetic latitude, longitude,
satelliterange, zenith,and azimuth angles

h X: InTrack

o = atan(x/z) at each CrIS FOV as well as satellite posi-
{ tion, velocity, and attitude at each scan,
Z=tf"|’|'f:‘ which are saved in CrlS geolocation data

LOS (x, y, z) : unit vector of satellite . f
105 gn s"BF) pointing to set. For computation convenience, the
geodetic nadir scan-level data are linearly interpolated

at the FOV level using the FOV observa-
tional time. For more details on the steps
1 and 2 (Figures 2a and 2b), we refer the
readers to the study on collocation of
CrlS and VIIRS using the LOS vectors in

: . . . ECEF [Wang et al., 2016b]. The last several
Figure 3. The CrIS LOS vector expressed in the SBF frame, in which two X
planes are formed, including the in-track (x-z plane) and cross-track steps are discussed below.
planes (y-z plane). Two angles of o and § can be simultaneously retrieved, ~ 2.2.1. Conversion Between ECEF and
which exactly corresponds to the unit vector of LOS in SBF. ECI Frames

ECI frames are called inertial in contrast
to the Earth-Centered, Earth-Fixed (ECEF) frame, which rotates in inertial space in order to remain fixed with
respect to the surface of the Earth. It is more convenient to represent the CrlS FOV location in the ECEF coor-
dinate system (or with latitude and longitude), but the ECI frame is simple to characterize the satellite orbit in
a nonrotating frame (Figure 2c). The conversion between ECEF and ECI are carried out using the Naval
Observatory Vector Astrometry Software (NOVAS) version 3.1 [Bangert et al., 2011], which provides commu-
nity standard transformation between the terrestrial and celestial coordinate systems. The NOVAS function
“ter2cel”—which does rotations for wobble (polar wander), spin (Earth rotation), nutation, and precession
—is used to transform a vector from the terrestrial to the celestial system. The NOVAS function “cel2ter” does
the inverse of tel2cel. An up-to-date Earth orientation parameters can be obtained from the International
Earth Rotation Service at ftp://maia.usno.navy.mil/ser7/finals.all, including polar motion values and the time
difference in seconds between universal time (UT1; defined by Earth'’s rotation) and coordinated universal
time coordinated (UTC) (defined by a network of precision atomic clocks). The conversion of the velocity
between ECEF and ECI requires accounting for the velocity component due to the Earth’s rotation in addition
to use NOVAS routines. At the same time, the satellite position and velocity in ECEF are converted into the
vectors in ECI, which are used to build the OCS frame. The CrIS LOS vectors in ECEF are converted to the ones
in ECI for perturbation. After perturbation, the new sets of CrlS LOS vectors are transformed back to ECEF to
collocate VIIRS measurements.

2.2.2. Conversion Between ECl and OCS Coordinate Systems

The orbital coordinate system is centered on the satellite, and its orientation is based on the spacecraft posi-
tion and velocity in inertial space (Figure 2c). The origin is the spacecraft center of mass with the z axis point-
ing from the spacecraft center of mass to the direction perpendicular to the reference ellipsoid (geodetic
nadir). The z axis can be first derived in ECEF from the satellite position vector in ECEF and then converted
back into ECI using the NOVAS software. The y axis is the normalized cross product of the z axis and the
instantaneous satellite (inertial) velocity vector in ECI. The x axis is the cross product of the y and z axes.
After these steps, we have all the x, y, and z unit vectors expressed in ECI, which corresponds the vectors
of [1,0,0], [0, 1, 0], and [0, 0, 1] in OCS. Given two known vectors expressed in the two different coordinate
systems, the transformation matrix Teciocs (@nd its inverse matrix Tocszecr) between ECl and OCS can be
determined using well-known Triad method [Black, 1964]. Since the direction of the satellite velocity changed
with time, the transformation matrix Tecipocs (@s well as its inverse matrix Tocsoecy) is also dependent on the
FOR position and scan line. With the transformation matrix Tecz0cs, the CrlS LOS vectors can be transformed
from ECI to OCS.

2.2.3. Transformation Between OCS and SBF Frames

The orbit frame OCS is a coordinate system describing the perfect attitude of the spacecraft. If the
Spacecraft Body Frame (SBF) coordinate system is exactly aligned with the orbit frame, the roll, pitch,
and yaw would all be zero and spacecraft attitude would be perfect. In other words, the relationship
between the spacecraft and orbital coordinate systems is defined by the spacecraft attitude angles, i.e.,
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L angles (Figure 2d), which are saved in
I geolocation data sets. The transforma-
L tion from spacecraft to the orbital
i coordinate system is a three-
dimensional rotation matrix with the
components of the rotation matrix
being functions of the spacecraft roll,
pitch, and yaw attitude angles, which
follows the order of yaw, roll, and pitch
. . . I (called type 3-1-2) [see Appendix B of
10 15 20 25 3 JPSS Configuration Management Office,
b) FOR Index 2011al. Once the transformation
matrix is derived, the CrlS LOS vectors
can be transformed from OCS to SBF.
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Figure 4. (a) The a (black dots) and f (blue dots) angles varying with scan

position for the CrlS center FOV (FOV 5) and (b) enlarged plot of pertur- (X
bation for a angles varying with the scan position (black dots), where the o= tan <E> ) m
red bar indicates the perturbation range. Specifically, each red bar gradu-
ally increases from the minimum value to the maximum value by 21 steps. Sy
f = tan (E) (2)

Specifically, the a angle describes the relative location of CrIS LOS vector LOS in the in-track direction,
while the f angle indicates the relative positions of the CrlS LOS vector moving in the cross-track

direction. More importantly, the a and f angles exactly correspond to the CrlS LOS vector L0S. In
other words, if a and § angles change, the direction of the vector LOS also changes. Therefore, it

is possible to perturb the CrIS LOS vector L0s by changing a and g angles, which simplifies the per-
turbation from three variables to two variables. lllustrated in Figure 4a is an example of a and g
angles varying with scan position for the CrlS center FOV (FOV 5), which are calculated from CrlS geo-
location data fields. It clearly shows that the moving of CrlS LOS vectors is dominated in the cross-
track direction because the CrIS scene selection mirror mainly rotates along the cross-track direction.
Based on these calculated o and f angles, a total of 2n+1 (n=10 in this study) of new a; and f;
angles can be computed as

o = tan™' G) + (i—n)-s, i=0, 1, ... 2n+1, 3)
B = tan”(%) Y (G—n)s,  j=0,1, ..2n+1, @)

where s is the perturbation step size and set as 375.0/833000.0 (VIIRS pixel size resolution divided by the
satellite altitude). Particularly, in the case of when i equals n, the values of ¢; and f; are equal to o and S,
which are computed in equations (1) and (2). Correspondingly, the offset angles relative to the « and g
angles are defined as Acg; and Ap; as
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Ao; = aj — o, (5)

AB; =B — B ©

Figure 4b gives an enlarged plot of «; angles varying with the scan position (black dots), where the red bar
indicates the perturbation range of ¢; at each scan position. In other words, each red bar in Figure 4b gradu-
ally increases from the minimum value to the maximum by 21 steps.

Based on ¢; and f; angles, a total of 441 unit vectors E;J in the SBF frame can be derived as

—
L0S;; = UNIT <ztanﬁj, ztana;, z). )

— —
Among these vectors, LOS;;, the vector LOS¢ 10 is the original vector computed from the original geolocation
data, while other 440 vectors are those perturbed along the in-track and cross-track directions.

2.4. Determination of Geolocation Accuracy

The new sets of CrlS vector ﬁ,;j in the SBF frame are converted back to the ECEF frame from the SBF frame
step by step, which are then collocated with the VIIRS pixels using the method by Wang et al. [2016b]. When

spatially collocating with VIIRS observations, each vector L—O_S),«J corresponds a spatially averaged VIIRS

radiance R}f”jRS, which can be further converted into the brightness temperature as BT){”I.RS. On the other hand,

CrlS spectra can be integrated with VIIRS spectral response functions and then converted into CrlS-simulated
VIIRS BT"®. Therefore, for each BT"", there is a total of 441 BT}"f. For any arbitrarily selected inhomoge-

neous scenes (such as cloudy areas), the standard deviation of CriS-VIIRS BT differences (i.e,, BT}"[* — BT
with N samples) is very sensitive to the geolocation mismatch between CrlS and VIIRS, while the mean BT dif-
ferences are mostly controlled by the radiometric differences between two sensors [Wang et al., 2013].
Therefore, the question of determining CrlS geolocation accuracy is simplified to find which one among
441 BT is best matched with one CriS observations. Thus, it is possible to define a cost function G as

G(Aa,-, AB; k) - STDEV(BTX”,.RS(k) _ BTC”S(k)), 8)

where BT/"* (k) and BT (k) are the two independent variables with N samples and k is the scan position
index and varies from 1 to 30 (FOR number). Especially, the cost function G is a three-variable function varying
with the offset angles Aa;and Af; as well as the scan position index. We can derive the offset angles Aa;and Ag;
from the minimum value of the cost function G at each scan position, which characterizes how the original CrlS
LOS vectors should be shifted in the cross-track and in-track direction in order to perfectly match the “truth”
(VIIRS geolocation fields). It should be noted that the offset angles is relative to the original LOS vector forimple-
mentation consideration, the sign of which is different from the often-used error characterization method.

Given in Figure 5 is an example of how to determine the CrlS geolocation accuracy using the defined cost
function G. CrIS and VIIRS I5 band granules over the tropical oceans are shown in Figures 5a and 5b, in which
clouds are randomly distributed over ocean. Figure 5c shows the contour plot of the defined cost function G
varying with the offset angles Ao; and Ap; at the FOR 30. The two scatterplots of VIIRS versus CrlS BTs are given
in Figure 5d; that is, one is from the position where Aa;=0 and Af;=0 (black dots) and the other from the
position where the cost function G is close to the minimum value (Aa;= — 412.3 prad and Af;=1787.5 prad;
green dots). The method of how to identify the minimum value from the cost function can be found in the
previous study [Wang et al., 2013]. It clearly shows that the spread of the scatterplots of VIIRS BTs versus
CrIS BTs greatly decreases (the standard deviation of CriS-VIIRS BT differences decreases from 0.91K to
0.22 K), indicating that the actually CrlS LOS vector is located at the position where the cost function G has
the minimum value. In other words, one can state that, compared to the VIIRS LOS vector, the CrlS LOS vector
should be off about —412.3 prad in the in-track direction and about 1787.5 urad in the cross-track direction
for the scan position 30.

In brief, the flowchart in Figure 6 summarizes the method on how to determine the CrIS geolocation accuracy
using VIIRS image band geolocation fields. The closed cycle indicates the perturbation procedures that gen-
erate 21 x 21 CrIS LOS vectors in the SBF frame. They are then converted back into ECEF and collocated with
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Figure 5. An example illustrating the method to derive the cost function: (a) CrlS-simulated image for VIIRS I5 band, (b)
VIIRS image from I5 band, (c) the contour plot of the standard deviation of CrIS-VIIRS BT differences varying with offset
angles Aa.and Af, and (d) scatterplots of VIIRS and CrIS BTs at the positions of (Aa; =0, Af;=0) indicated by black dots and
(Aaj=—412.3 prad, Afj=1787.5 prad) represented by green dots, in which the standard deviation of BT difference reduces
to 0.22 K from 0.91 K.

VIIRS observations in ECEF. The best matched CrlS LOS vectors are identified to correspondingly derive the
offset angle Aa; and AB;, which basically characterize the CrlS geolocation accuracy.

3. Geolocation Assessment Results
3.1. Assessment Results for Operational CrlS SDR Products

We use the method presented in section 2 to examine CrlS geolocation accuracy for current CrlS SDR opera-
tional products, which are generated by the operational ground-based processing software—Interface Data
Processing Segment (IDPS). We arbitrarily choose 10 days’ data. Without losing generality, the cases include
both in an ascending and descending mode, as well as those located in different geographic regions (mid-
latitude, polar, and tropical regions). Each case is composed by 14 CrlS granules (4 scans in each granule) with
inhomogeneous scenes (e.g., cloudy scenes or land-sea contrast coast regions). For each scan position, there
a total of 14 x4 x 9 samples to derive the statistics. Figure 7 shows the assessment results of the offset angles
Ao and A identified from the 10 day data, in which the black dots represent the each case’s results and the
red dots with the error bar gives the statistics including the mean and standard deviation. To make the results
easily understandable, the offset angles Aa and AB can be divided by the FOV size angle of 0.963°
(16,807.521 prad), indicated by the y axis on the right in Figure 7. First, the offset angles Aa and Ap results
detected from different cases are consistent to each other, suggesting that there are systematic errors in
CrlS geolocation computation. Second, the results change with scan positions in the both in-track and
cross-track directions. Specifically, as shown in Figure 7b in the cross-track direction, the offset angle AS is
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Figure 6. The flowchart summarizing the method of evaluating the CrlS geolocation accuracy using VIIRS image band geo-
location fields.

close to zero from scan position 1 to 10; it gradually increases beginning from scan position 10 and finally
reaches to 1752 prad (10.4% of FOV size). On the other hand, in the in-track direction, the offset angle Aa
changes from the positive values at the beginning of the scan (5.1% of FOV size) to the negative values
(—3% of FOV size) at the end of scan, showing a yaw pattern. Based on the statistics, a quadratic curve fit line
along the scan position is overlapped as the green lines in Figure 7, which basically characterize error statis-
tics of CrlS geolocation. To make the results straightforward, the angles shown in the fitting line in Figure 7
can be further converted into the distance by using the FOV size varying with scan position [see Wang
et al., 2013, Figure 15], which are given in Figure 8. Due to the Earth curvature and increasing scan angles,
CrlS FOV size exponentially increase in the cross-track direction with scan angles. In other words, the CrIS
FOV size at the end of the scan is 3.47 times (~48 km) in the cross-track direction and 1.74 times (24 km) in
the track direction compared to the nadir FOV size (14 km). First, compared to the near-nadir results (FOR
7-22) with previous study [Wang et al., 2013, Figure 16], the pattern and results agree well except that the
sign convention in the in-track direction is opposite. Second, with the new improved method, we have a
chance to evaluate the CrlS geolocation accuracy for all scan angles. As shown in Figure 8, the largest geolo-
cation error for CrlS geolocation is located at the end of scan in the cross-track direction, which is larger than
2.0 km from FOR 20 and can finally reach to 4.7 km at the end of scan, while other parts are below 1.5 km. The
similar findings were reported by previous study [Brunel and Roquet, 2015]. This issue can be clearly demon-
strated in Figure 9, showing CrlS and CrIS-VIIRS BT difference images at the Red Sea regions during daytime
from three different granules. These three CrlS images passed over the Red Sea around the beginning, the
middle, and the end of scan. Since the CrIS-VIIRS BT differences are very sensitive to the spatial mismatch
between CrlS and VIIRS over the land-sea contract coast regions, the Red Sea shape is clearly shown at the
end of the scan, but it is hard to see in the beginning and middle of the scan. More importantly, the coastline
close to nadir shows a cold bias (negative), while the one far away from nadir displays warm bias (positive),
suggesting that the mismatch is dominated in the cross-track directions. It agrees with Figures 7 and 8. All the
results imply that the CrIS geometric calibration parameters need further adjustment.

3.2. Changes in CrlS Geolocation Computation Software

Before we try to adjust the CrlS geometric calibration parameters, we carefully examined the CrIS geolocation
computation software and identified two potential issues. First, the sign convention that defines the FOV
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Figure 7. CrlS geolocation assessment results for CrlS IDPS geolocation data sets, including (a) the offset angle A« in the in-
track direction and (b) the offset angle Af in the cross-track direction, in which the black dots represent the each case’s
results and the red dots with the error bars that give the statistics including the mean and standard deviation. The green
lines indicate the quadratic curve fit line along the scan position. The percentage of offset angles Aa and Ap relative to the
FOV size (0.963°) is indicated by the y axis on the right.

position angle in the cross-track direction in the Engineer Packets (EP) is not consistent to the convention
for numbering FORs and FOVs [see Han et al., 2013, Figure 3; JPSS Configuration Management Office, 2013,
Figure 143]. In the CrlS sensor specifications, the extent of the FOR is equal in the in-track and cross-track
directions (i.e., 3.3°). The FOV footprint size (0.963°) and FOV sampling interval (1.100°) are also equal in
the two directions [Han et al., 2013, Figure 3; JPSS Configuration Management Office, 2013, Figure 143].
The position of each FOV located in the FOR is defined by the FOV angles in the cross-track and in-track
directions relative to the central FOV (FOV 5). If the FOV angle in the cross-track direction is opposite, the
side FOVs (FOVs 1 and 3, FOVs 4 and 6,

and FOVs 7 and 9) are flipped in the

i cross-track direction. In order to follow
4 ~ the FOV numbering specifications, the
| CrlS geolocation computation software

] ' has to remap the FOV geolocation

é 2__ | fields as well as quality flag of three
@

% 1 r pairs of corresponding side FOVs. This
g 0 il I is not an issue if the central FOV (FOV

] r5) perfectly aligns with interferometer
i optical axis, which means that the

2 ek - cross-track and in-track angles of the
1 . . : . : : [ central FOV are zero. However, in rea-
0 5 10 15 20 25 30 lity, the central FOV cross-track and

FOR Index in-track angles are not zero and have

. . - . been set as small values (—359 prad in
Figure 8. CrlS geolocation assessment results expressed in distance in . ;
the in-track (black) and cross-track (red) directions for IDPS CrlS geolo- the cross-track direction and 150 prad
cation data sets. in the in-track direction) during the
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Figure 9. (top) CrlS and (bottom) CrlIS-VIIRS BT difference images at the Red Sea regions from three different granules, which clearly shows the land features at the
end of CrlS scan due to the misalignment between CrlS and VIIRS.

postlaunch spectral calibration [Strow et al., 2013]. After the discussion with the CrIS SDR team members,
the proposed changes include (1) removing the subroutine of remapping FOVs, (2) keeping the same sign
of the FOV position angle in the cross-track direction in the EP in order to make the EP consistent for
future mission, and (3) reversing the sign the FOV position angle in the cross-track direction when the

CrlS geolocation algorithm uses these angles.

Another bug identified in the CrlS geolocation algorithm is that when building the transformation
matrix in the two coordinate systems in the internal instrument, the algorithm does not follow the
same order as suggested in the CrIS SDR ATBD to use the mapping angle [JPSS Configuration
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Figure 10. CrlS geolocation assessment results in distance for CrlS-geolo-
cation data sets produced by IDPS (dashed lines) and newly updated ADL
software (solid lines).

Management Office, 2011b]. However,
since all the mapping angles in the
internal instruments are very small,
this bug does not significantly change
CrlS geolocation fields.

We implemented these updates in the
JPSS Algorithm Development Library
(ADL)—a counterpart of IDPS opera-
tional software. Using the newly
updated software, the new geolocation
data sets are regenerated for the
selected 10day data. These newly pro-
duced data are then evaluated using
collocated VIIRS, and the final results
are given in Figure 10. To make it clear,
the plots in Figure 8 are also overlapped
and shown as the dashed lines. First,
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Table 2. Summary of Coordinate Systems in the CrIS Instrument As Well As Their Mapping Angles

Coordinate Systems Mapping Angles
Interferometer Optical Axis Reference (IOAR) FOV 5 offset angles in IOAR: two angles (pitch and yaw)
Scene Selection Mirror Mounting Feet Frame (SSMF) IOAR — SSMF: two angles (pitch and yaw)

Normal vector to SSM mirror in SSMF for each scan position:
2 % 30 angles (in-track and cross-track angles)

Scene Selection Module Reference (SSMR) SSMF — SSMR: three angles (roll, pitch, and yaw)
Instrument Alignment Reference (IAR) SSMR — IAR: three angles (roll, pitch, and yaw)
Spacecraft Body Frame (SBF) IAR — SBF®: three angles (roll, pitch, and yaw)

Figure 11. A new set (red) of the SSM (a) in-track and (b) cross-track angles
derived from geolocation assessment results, compared with the old values
(black). (c) The angle differences in the cross-track direction are given Management Office, 2011b]. At this
because their values are too close and it is hard to see in Figure 11b. stage, we do not have knowledge on

¥These three angles are set as zero in EP but are taken into account in the configuration file of the processing software.

since the sign of the cross-track FOV angle has been reversed, the curve in the cross-track direction is
shifted down all the scan position. On the other hand, in the in-track direction, the changes are really

complicated. It seems that the pre-
2000 : ; : : : ; viously shown yaw pattern in the in-
track direction is even worse. By and
large, the new codes cannot remove
the geolocation bias revealed by collo-
cated VIIRS data, and thus, we have to
further investigate the CrIS mapping
angles in order to improve CrlS
geolocation accuracy.
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In this section, we discuss the method
on how to use assessment results to
further adjustment CrlS mapping
angles in the instrument level for
CrlS  geolocation  improvements.
Since the mapping angles in the inter-
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the prelaunch test, it is most likely
that these parameters are changed
. ' T . . . due to many factors after launch, such
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5 - radiometric and spectral calibrations
& ] : after satellite launch. Table 2 lists
5 ] : the mapping angles and coordinate
g -1000 3 systems that are used to compute
S the LOS vector in the CrlS instru-
_20005 . . . K . ] : ment level [see JPSS Configuration

0 5 10 15 20 25 30 Management Office, 2011b, Figure 48].

FOR Index The detailed description on these

coordinate systems can be referred
to CrlS SDR ATBD [JPSS Configuration
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Figure 12. The effects of the updated mapping angles on CrlS geolocation data sets, including (a) CrlS images and
CrIS-VIIRS BT difference images from (b) IDPS-produced geolocation data set, (c) ADL-produced geolocation data set
with updated cross-track angles, and (d) ADL-produced geolocation data set with both updated cross-track and in-track
angles.

which mapping angles are the root causes for CrlS geolocation bias. However, given the assessment results
with a total of 2 x 30 angles, the best strategy is to adjust the 2 x 30 Scene Selection Mirror (SSM) rotation
angles so that it can totally resolve the geolocation error at each scan position.

First, we go through the steps on how the LOS vectors in the SBF frame are derived at each scan position

beginning from the detector array. Basically, we begin with the unit vector ﬁm [1, 0, 0] in the
Interferometer Optical Axis Reference (IOAR), which exactly points out from the optical axis of the detector array.
Specifically, the following steps are included:

1. Applying rotation on optical axis OApar to get FOV 5 LOS vectors in IOAR using two central FOV
offset angles (0i0ar D 10ar) in the in-track and cross-track directions. This gives the LOS vector
—_

LOS/OAR in IOAR as

— —
LOSioar = P(Oi0ar) Y(Dioar) OA oar, 9)

In equation (9), the alignment of a coordinate system (X;, Y;, Z;) on a second coordinate system
(X5, Ya, Z5) are defined by the mapping angles of (v, 6, ) and their transformation matrix Txoy2z2/x1v121
can be generally expressed as

Txavazaxivizi = Re(W)Py(0)Yz(0), (10)

where the rotation matrices are given by
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Figure 13. CrlS geolocation assessment results for ADL-reproduced CrlS geolocation data sets with new mapping angles, including (a) the offset angle Aa in the in-
track direction and (b) AS in the cross-track direction, in which the black dots represent the each case’s results and the red dots with the error bars that give the
statistics including the mean and standard deviation. The green lines indicate the quadratic curve fit line along the scan position. CrlS geolocation assessment results
are converted into the distance, which are (c) overlapped with the IDPS results and (d) enlarged.

Rx(y) =

Py(6) =

Yz(p) =

1 0 0
0 cosy —siny |, (1m
L0 siny  cosy
[ cos6& 0 sind
0 1 o |, (12)
| —sin@ 0 cosf
[cosp —sing O
sinp cosp O (13)
0 0 1

2. Transforming FOV 5 LOS vector from IOAR into Scene Selection Mirror mounting feet Frame (SSMF) using
two misalignment angles (Ossyir, D sspr) between IOAR and SSMF as

— —
LOSsswr = P(Ossur) Y(Dssmr) LOS0pr.

(14)

3. Computing the scene selection mirror normal in Scene Selection Mirror mounting feet Frame (SSMF)
(fixed coordinate system) by applying rotations from the scan mirror cross-track and in-track angles (a
total of 2 x 30 angles for 30 scan position), which gives

Nosm =

4. Calculating the reflected FOV LOS vectors using mirror normal in SSMF for each scan position as

P(HI;SMF)R(V/,;SMF) n. (15)
LOS{,r = LOSsur — 2(LOSssur- ik, ) (16)
SSMF — SSMF SSMF* Tlssm ) T ssm-

Note that this step produces a total of 30 LOS vectors and each scan position has its own LOS vector.
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5. Deriving SSMF-to-SBF transformation

operator using three angles from SSMF
300 to Scene Selection Module Reference
(SSMR), three angles from SSMR to

280

_ Instrument Alignment Reference (IAR),
260 E and three angles from IAR to SBF. This
240 = gives
220 Tser/ssme = Tsejiar Tiar/ssmrT ssmr/ssmr -
200 (17)
180
1.0 6. Determining CrlS on-axis LOS vectors in

SBFs using the SSMF-to-SBF transforma-

05 tion operator. This is determined as

. .
LOSIS(BF = Tsgr/ssmr LOS’;SMF. (18)

After the above steps, the FOV LOS vectors
are expressed in SBF at each scan position,
and there are a total of 30 LOS vectors.
Following equations (1) and (2), the angles
-1.0 of a, and Sy can be calculated from each

(—J
(—J
BT Dif [K]

1.0 . TAck .
FOV LOS unit vector LOS g5 (X, Yy, Zk) in
SBF at scan position k. From the assessment

0.5 results, we already have the offset angles

Aoy and ABy. Thus, the true angles of a'k

and 3, that are best matched to VIIRS obser-
vations can be computed as

(—J
—)
BT Dif [K]

a;( = ok + Ao, (19)
Be = Be+ AB. (20)

Once we have new a and f angles, the new

Figure 14. The effects of CrlS geolocation accuracy improvements on LOS unit vectors that reflect the actual

CriS-VIIRS BT differences, including (a) CrlS image at 900cm ™' on 14  Pointing position can be expressed as

March 2016 as well as (b) CrIS-VIIRS BT difference images for original — , ,
CrlS IDPS geolocation data sets and (c) and reproduced CrlS geoloca- Los SBF k = UNIT (Zktanﬂka Z tanoy, Zk) .
tion data sets with updated mapping angles. 1)

—2 . . .
So the question is simplified on how to use LOS, to retrieve the new set of scan mirror rotation
angles in the cross-track and in-track directions. We can use equation (18) to calculate new LOS vector

—
in SSMF LOS' ¢\ as
7k 1 7k
LOS ssur = Tsgr/sour LOS g » (22)
where T3 Jsswr 1S the inverse SSMF-to-SBF transformation operator.
After that, using equation (16), the new mirror normal ﬁ'IS(SM can be computed as

ok 7k —
Ay = UNIT( LOS gy — LOSssyr ). (23)

. . ~rk . L
And then, a new set of in-track and cross-track angles can be derived from n g, from equation (15), which is
shown in Figure 11. It should be pointed out that the angles shown in Figure 11 are computed based on geo-
location assessment results of geolocation data set produced from newly updated ADL software (Figure 10)
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Figure 15. CrIS-VIIRS BT differences versus CrlS BTs for (a) original CrlS IDPS geolocation data sets and (b) reproduced CrlS geo-
location data sets with updated mapping angles. The red lines are bin-averaged values with a 10 Kinterval, while the red bars
indicate the standard deviation. Note that the data are only shown in the range from —5 Kto 5 Kin Figures 15a and 15b.

instead of operational IDPS software (Figures 7 and 8). It shows the angle differences between new angles
and old ones can reach up to ~1000 prad.

4.2, Assessment Results for New Mapping Angles

We replaced old SSM rotation angles with newly derived values in EP and then used ADL with new EP to
reproduce the new geolocation data sets. The effects of the updated mapping angles on CrlS geolocation
data sets are noticeably shown in Figure 12, which gives CrIS-VIIRS BT difference map in Red Sea region.
For original IDPS-produced geolocation data set (Figure 12b), the coastline is obviously noticeable at the
end of scan from the CrIS-VIIRS BT difference image, which is due to the geolocation misalignment between
CrlS and VIIRS as shown in Figure 9. When using ADL-produced geolocation data sets with updating the SSM
mapping angles only in the cross-track direction (Figure 12c), the coastline almost disappears, suggesting
that the misalignment between CrIS and VIIRS is dominant by the error in the cross-track direction. Finally,
when using ADL-produced geolocation data sets with updating the SSM rotation angles both in the cross-
track and in-track directions (Figure 12d), the CrIS-VIIRS BT image is further improved and is hard to see
the land features. The three experiments suggest that the newly derived SSM mapping angles have positive
impacts on CrlS geolocation accuracy.

The geolocation data sets for the above 10 day data were reproduced using ADL with new mapping angles.
These newly produced data are then evaluated using collocated VIIRS, and the final results are given in
Figure 13. It clearly indicates significant improvements for the CrlS geolocation data set because the fitting
lines (green) in both in-track and cross-track directions are almost along the zero line for all scan positions.
On the right plot in Figure 13, it shows the CrlS geolocation accuracy in distance after the mapping angles
are updated. The residue error revealed by CrlS is reduced to less than 250 m at the end of the scan.
Compared to Figure 10, it is a big improvement.

In the end, to further validate the CrlS geolocation accuracy in different geographic regions, the global CrlS-
VIIRS BT difference images on 14 March 2016 are shown in Figure 14 by using the CrlS geolocation data sets
with old and updated mapping angles. Before the mapping angles are updated, it clearly shows the large
CrIS-VIIRS BT differences at the end of scan almost for every orbit (Figure 14b). However, with newly produced
geolocation data sets with updated mapping angles, the CrIS-VIIRS BT differences are greatly reduced glob-
ally (Figure 14c). The effects of geolocation improvements are further demonstrated in Figure 15, showing
the CrIS-VIIRS BT difference versus CrlS BTs for CrIS for original CrIS IDPS-produced (Figure 15a) and repro-
duced CrlIS geolocation data sets with updated mapping angles (Figure 15b). It indicates that the spread
(standard deviations) of CrIS-VIIRS BT differences are reduced with improved geolocation accuracy, while
the mean values of CrIS-VIIRS BT differences keep similar values. This suggests that, for intercalibration, the
spatial mismatch between two sensors mostly impacts on the intercalibration uncertainties. In order to
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precisely characterize their radiometric differences, either enough samplings or homogeneous scenes are
needed to beat down the uncertainties [Tobin et al., 2016]. Overall, this implies that improvements of CrlS
geolocation will benefit the application that needs combination of CrlS and VIIRS data for geophysical retrie-
vals, quality control for data assimilation, and intersensor calibration.

5. Conclusion

The data quality of geolocated, radiometrically, and spectrally calibrated radiances with annotated quality
indicators from CrlS are important for geophysical parameter retrievals and data assimilations that need
CrlS radiances as inputs. This paper improves the method by Wang et al. [2013] and presents an improved
scheme for CrlS geolocation assessment for all scan angles based on CrlS line-of-sight (LOS) vectors. More
importantly, the new method is capable of performing postlaunch on-orbit geometric calibration by optimiz-
ing mapping angle parameters based on assessment results and thus can be further extended to the follow-
ing CrlS sensors on JPSS-1 and JPSS-2. The basic idea is to find the best collocation position between VIIRS
and CrlS measurements by perturbing CrlS LOS vector in the cross-track and in-track directions with small-
step angles. The offset angles at the best collocation position between CrlS and VIIRS are then used to eval-
uate the CrlS geolocation accuracy.

The proposed method is then employed to evaluate the SNPP CrlS geolocation accuracy. The error character-
istics are revealed along the scan positions in the cross-track and in-track directions. It is found that there is
relatively large error (~4 km) in the cross-track direction relative to VIIRS at the end of scan. With newly
updated mapping angles, the geolocation accuracy is greatly improved for all scan positions (less than
0.3 km). This makes CrIS and VIIRS align together and benefits the application that needs combination of
CrlS and VIIRS measurements and products.

As a final note, we like to point out that the method proposed in this study lays down the frame work using
high spatial imager measurements to assess the geolocation accuracy of sounder instruments. It can be
further extended to other infrared and microwave sounders (such as the Advanced Technology Microwave
Sounder) in the future.
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