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Abstract—For the quantitative applications of the Suomi
National Polar-orbiting Partnership (SNPP) Advanced Technol-
ogy Microwave Sounder (ATMS), the geolocation accuracy of
its sensor data records must be quantified during its on-orbit
operation. In this paper, a refined coastline inflection point
method is used to evaluate the on-orbit geolocation accuracy of
SNPP ATMS. It is disclosed that for SNPP ATMS, the static
error term with scan-angle-dependent feature is a dominant
part among all the geolocation error sources. A mathematical
model is then developed to convert the in-track and cross-track
geolocation errors to the beam pointing Euler angles defined in
the spacecraft coordinate system, which can be further used to
construct the correction matrix for on-orbit geolocation process.
By using the correction matrix built in this paper, the geolocation
error is obviously reduced both at nadir and at the edge of the
scan. The total geolocation error at nadir before/after correction
is 3.8/0.8 km at K-band, 5.6/0.8 km at Ka-band, 3.3/0.4 km
at V-band, and 1.5/0.1 km at W-band. The geolocation bias at
the edge of the scan line before/after correction is 4.6/1.3 km
at K-band, 9.4/1.8 km at Ka-band, 4.4/24 km at V-band,
and 3.2/0.8 km at W-band. After correction, the scan-angle-
dependent feature in geolocation error is also largely reduced.

Index Terms— Advanced Technology Microwave Sounder
(ATMS), coastline inflection point(CIP), Euler angles, geoloca-
tion error, microwave radiometer, Suomi National Polar-orbiting
Partnership (SNPP).

I. INTRODUCTION

HE Suomi National Polar-orbiting Partnership (SNPP)

satellite carried the Advanced Technology Microwave
Sounder (ATMS) on board, and it was successfully launched
into orbit at about 839 km above the earth with an inclination
angle of 98.7°. The ATMS is a cross-track scanning microwave
radiometer. It scans £52.725° from nadir to complete a total
of 96 fields of view (FOVs) along scan lines. ATMS has a
swath width of 2700 km, which leaves almost no data gap
even near the Equator. A total of 22 channels at microwave
frequency ranging from 23 to 183 GHz are configured
at ATMS. The beam widths of channels 1-2, 3-16, and 17-22
are 5.2°, 2.2°, and 1.1°, respectively, which correspond to the
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FOV sizes about 75, 32, and 16 km at nadir. More details
about ATMS instrument can be obtained from [1] and [2].
For an optimal use of ATMS observations in weather and
climate research and applications, high geolocation accuracy
is required.

In operational geolocation process, ATMS geolocation is
calculated from an instrument geolocation module and a
common geolocation module. In the instrument geolocation
module, the sensor exit vector in the antenna coordinate
system is built from scan angle and then transformed to
the spacecraft coordinate (SC) system by applying the beam
misalignment correction matrix and the instrument mounting
matrix. In the common geolocation module, the corrected
vector goes through further corrections for satellite attitude
perturbation and the earth orientation such as polar wander,
procession, and nutation. The geodetic latitude and longitude
for each FOV can then be derived from the intersection of the
corrected sensor exit vector with earth surface in the Earth
Centered and Earth Fixed coordinate system (ECEF). Note
that, ATMS has two receiving antennas: one receiving antenna
serving for channels 1-15 with frequencies below 60 GHz and
the other for channels 16-22 with frequencies above 60 GHz.
The antenna beam pointing direction is differentiated into five
bands: K- (channel 1), Ka- (channel 2), V- (channels 3-15),
W- (channel 16), and G- (channels 17-22) bands. Each band
has its own set of latitude and longitude at each beam
position. For the detailed relationship between all the frames in
geolocation process, please refer to [3, Table I]. The designed
boresight pointing accuracy of SNPP ATMS is about 0.3°,
0.2°, and 0.1° for K-/Ka-band (channels 1-2), V-/W-band
(channels 3-16), and G-band (channels 17-22), respec-
tively [2]. They can be translated to ground geolocation error
of 4.3, 2.9, and 1.4 km at nadir.

For SNPP ATMS, the static error originates from the
antenna beam misalignment and the instrument mounting error
is the dominant part in the total geolocation error. During
the antenna subsystem verification test, the antenna beam
alignment with respect to the instrument cube was measured
as Euler angle roll and pitch for each channel at three different
scan positions (FOV-1, 48, and 96) and they are further
interpolated to the other FOV positions. Instrument mounting
error is defined as the misalignment between the instrument
and the SC systems. It is measured in terms of Euler angle
roll, pitch, and yaw during prelaunch ground test, from which
the mounting matrix can be constructed and provided to rotate
the instrument view vector from the instrument frame to the
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control frame of the spacecraft [4]. Even though these static
error terms have been measured in the prelaunch ground test
and the corrections have been included in geolocation process,
residual errors may still exist due to the on-orbit thermal
dynamic change and shift during the launch. Therefore, post-
launch assessment and correction for static errors are necessary
for improving the on-orbit geolocation accuracy.

Several methods were developed to assess the on-orbit
geolocation error, such as coastline inflection point (CIP)
method [5]-[8], image co-registration method [9]-[13], land—
sea fraction method [14], and ascending and descending
observation comparison [15]. While most of the above-
mentioned research is focused on assessing the on-orbit
geolocation errors, some studies also attempted to retrieve
the boresight pointing Euler angles defined in certain frames
from the estimated geolocation error [15]-[17]. Most of the
approaches are based on empirical method, in which the
Euler angles are obtained through tuning the pitch, roll, and
yaw angle iteratively until the geolocation error is minimized.
Moradi et al. [15] found that the tuning order of the three
angles had some impact on the retrieval result. This may
lead to nonunique solutions and results in the nonconvergence
problem. Besides, the empirical method is time-consuming; it
is a trial-and-error process that does not use the derivative of
the objective function.

In our previous study, a geolocation mathematical model
along with CIP method was developed and applied to retrieve
the boresight pointing Euler angles in a specifically defined
spacecraft body frame for FengYun-3C microwave radiation
imager [3] and SNPP ATMS [2]. It is found that several factors
such as small islands and cloud contamination can affect the
accuracy of CIP method [6], [17]. Such bias in the data and
its effect to the retrieval result has never been investigated
before. In addition, the scan-angle-dependent antenna beam
misalignment may not be completely removed in geolocation
process by using the beam offset angles measured in the
prelaunch ground test. This can lead to scan-angle-dependent
error in geolocation results which cannot be corrected by a
single set of Euler angles.

In this paper, to address the problems mentioned above,
the retrieval algorithm for correcting the static geolocation
error of SNPP ATMS is improved. A modified mathematical
model for connecting the ground geolocation error to the
boresight pointing Euler angles in SC system is introduced in
Section II. The on-orbit geolocation error of SNPP ATMS is
evaluated through a refined CIP method in Section III.
A retrieval algorithm based on the mathematical model and the
refined CIP method is developed in Section IV, followed by its
application on SNPP ATMS. In Section V, the retrieved Euler
angles in spacecraft frame are used to construct the on-orbit
correction matrices, and their application results are validated.
Conclusion and discussion are presented in Section VI.

II. REFINED GEOLOCATION ERROR
MATHEMATICAL MODEL

In this section, a mathematical model for correcting bore-
sight pointing error is introduced. This model is built in
SC system defined in the operational geolocation process,
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which makes it convenient to be implemented into the
on-orbit geolocation program. This mathematical model builds
the foundation for the development of the retrieval algorithm
in Sections II-A and II-B.

A. Boresight Pointing Error Correction Model
For ATMS, the scan is performed in yz plane of the antenna

coordinate system. The beam vector is initially generated as a
function of scan angle ¢

0

sin?d | . )
cos ¥

bAnt =

In geolocation process, ban is transformed all the way to
the beam vector in ECEF by multiplying a series of rotation
matrices

bECEF = ROTEcEr/ECIROTECI/scROT 4 /InstROTInst/AmZAm
2

where ROT g/ 4 is the rotation matrix transforming beam vector
from the coordinate system A to B. The ground location
of FOV is obtained from the intersection of Z;ECEF and
WGS84 reference frame [18]. As mentioned in Section I,
the Euler angle roll and pitch that create ROTng/ane are
scan-angle-dependent. Thus, the matrix ROTys¢/ant also has
scan-angle-dependent feature.

In our previous study, the geolocation error mathemati-
cal model was developed for the conversion between the
ground geolocation error and the boresight pointing error
in a specifically defined spacecraft body frame [3]. This
frame is similar to SC system in the operational geolocation
process, except that its y-axis is normal to the satellite velocity
vector in ECEF rather than Earth-centered Inertial coordinate
system (ECI). Further study shows that the beam vector
in this frame is slightly affected by the time-varying earth
movement and this could result in some retrieval uncertainty.
Besides, the retrieved boresight pointing Euler angles defined
in this frame cannot be directly applied into the operational
geolocation process. In this paper, the geolocation error math-
ematical model is improved. This mathematical model is now
established in SC system defined in the operational geolocation
procedure, and therefore, the correction matrix constructed
by the retrieved Euler angles can be directly applied to the
operational geolocation process.

Fig. 1 shows the geolocation error caused by the
misalignment between SC and the instrument coordinate
system (INST). This misalignment is measured in three
Euler angles of roll, pitch, and yaw, which are defined as
the rotation around x-, y-, and z-axes of SC, respectively.
In Fig. 1, for brevity, only the rotation of INST about

x-axis of the SC by roll is presented. Given b’sc and bsc
are the true and the observed unit beam vectors in SC,
A and B are intersection points of these two unit vectors with
the earth ellipsoid. Since the antenna beam misalignment in
terms of Euler angle roll and pitch is scan-angle-dependent
and the prelaunched determined ROTyg¢/ant may not be able to
correct it completely, the remaining of such error will make the
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Fig. 1. Schematic illustration of the mathematical model. xsc, ysc, and zgc
are the axes of SC. x|NsT, YINST. and zinsT are the axes of INST. bgc and

bgc are the true and the observed unit beam vectors, and A and B are their
corresponding FOVs. In-track and cross-track errors are the projection of the
total geolocation error between A and B onto the along-track and cross-track
directions.

total static boresight pointing error has a scan-angle-dependent
feature that cannot be accurately corrected by a single set of
Euler angle roll, pitch, and yaw. Therefore, the correction
of such boresight pointing error should be made at each
FOV position by Euler angle roll and pitch defined in SC
at that specific scan angle

b'sc = ROTcorr - bsc 3)

where ROT.or is the correction matrix and its elements are
defined by Euler angles ¢ and &,

ROTcorr = ROT; (&) -ROT p(&p) (4a)
1 0 0
ROT;(&) = |0 cosé&  —sinég (4b)
1 0 sin&  cosé;
[ cos& 0 sing,
ROT, (&) = 0 0 (4¢)
—sing, 0 cos¢,

The Euler angle yaw is not included in the correction model,
since the cross-track and in-track errors caused by yaw at a
certain FOV can be mitigated by roll and pitch at that position.
This paper aims to measure and correct the boresight pointing
error in terms of Euler angles defined in SC system. The Euler
angles appear in the remainder of this paper are all defined in
that frame unless mentioned otherwise.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 57, NO. 6, JUNE 2019

B. Conversion From ECEF to Spacecraft Coordinate System

Since the geolocation error can only be derived from
the geodetic latitude/longitude of ground targets, in order
to apply (3), the ground point location needs to be trans-
ferred to the beam vector in SC. The transformation is
an inverse process of the operational geolocation procedure
following (2). The detailed procedure is described in the
following.

As shown in Fig. 1, given (4, ¢.) is the geocentric lon-
gitude and latitude for ground point A, its corresponding
ground location vector 7gcgr in ECEF can be expressed
as

COSP:COSA¢
COSQSInA¢ 5)
sin @

FECEF = |7 ECEF|

where |7 gcgr| can be obtained through the ellipsoid parameter
equation

|Frcer| = o &) (©)
"ECERL = (a - singe)? + (b - cos pc)?

where a and b are the equatorial radius and polar radius of
earth. Given sgcgr is the satellite position vector in ECEF,
which is defined as a vector pointing from the center of earth

to the mass center of satellite, the beam vector bgcgr can be
determined from trigonometry of the view vector sgcgr and
7' ECEF as

DECEF = I'ECEF — S ECEF- (7

To accomplish the transformation from ECEF to ECI, it is
necessary to form four matrices. These are the precession
matrix, the astronomic nutation matrix, the sidereal time
matrix, and the polar motion matrix [19]. The earth orienta-
tion parameters are provided by IERS (https://www.iers.org/
IERS/EN/DataProducts/EarthOrientationData/eop.html). The
product of these matrices forms the rotation matrix Rgci/ECEF

which transforms bgcgr to bgcr

bect = RECI/ECEF - PECEF. (8)

The transformation is accomplished by using the Naval Obser-
vatory Vector Astrometry Software Package version F3.1,
which is an open source library for computing various com-
monly used quantities in positional astronomy [20]. s gcgr and
the satellite velocity vgcgr can be transformed to sgcr and
vEcy in the same way, except that the earth’s rotation should
be taken into account when converting the velocity vector.
skect and vEcy are then used to build the rotation matrix from
ECI to the orbital (Orb) coordinate system. The origin of Orb
system is the spacecraft center of mass with the z-axis pointing
to nadir. The y-axis is the normalized cross product of the
z-axis and vgcy. The x-axis is the cross product of the y- and
z-axes [18]. By defining the axes of Orb in ECI, the
transformation matrix from ECI to Orb can be built
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as follows:

— COS psC cos Asc

z = | —cosg@sc sin Asc (9a)
— sin gsc

. Z X UgCI
y=—=——— (9b)

|z X vEcI
F=yxz (9¢)

L 4T
ROTow/Ect = [X y 7| 9d)

where (4sc, psc) is the satellite geodetic location which can
be obtained from sgcgr in an iterative way [19]. To further
transform the beam vector from Orb to SC, the satellite
attitude needs to be taken into account. These attitude data are
provided in terms of Euler angles in ATMS SDR geolocation
product at the middle time of each scan line. The Euler angles
need to be transformed to quaternions and interpolated to the
observation time of each FOV. The beam vector in Orb can
be transformed to SC through the transformation matrix built
by the interpolated quaternions

bsc = ROTsc o - bor. (10)

The above process is the method used in this paper to trans-
form the ground point to the beam vector in SC. The required
variables, such as SECEr, UECEF, satellite attitude, and obser-
vation time, can be obtained from ATMS SDR geolocation
product and temperature data record (TDR) product. Through
this transformation process, the time-varying dynamic error
arising from the earth orientation and satellite attitude is
corrected.

The mathematical model in (3) and the conversion from
the ground geolocation point to the beam vector in SC are
the foundation of the subsequent geolocation error evaluation
and retrieval algorithm for the boresight pointing Euler angles
of SNPP ATMS.

III. ON-ORBIT GEOLOCATION ERROR EVALUATION

In this paper, CIP method is adopted to evaluate the
on-orbit geolocation error. In CIP method, any four con-
secutive observations are fit employing a cubic polynomial
function. The inflection point of the fit line is considered
as an observed coastline point only when it falls between
the second and third measurements and when the difference
between the second and third measurements exceeds 10 K.
The 10-K threshold is determined through sensitivity studies.
The corresponding ground “truth” is defined as the point
at the true coastline that nearest to it. The locations of
the true coastlines are provided by Global Self-consistent,
Hierarchical, High-resolution Geography Database (GSHHG)
version 2.3.6 released on August 19, 2016 [21].

Using the basic CIP method to evaluate the on-orbit
geolocation error will cause large uncertainties as mentioned
in Section I. In order to reduce the bias in the samples, some
improvements have been made to the traditional CIP method.
The improved method is applied to SNPP ATMS observations
to assess the on-orbit geolocation error. The root cause of the
scan-angle-dependent feature observed in geolocation error is
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Fig. 2. Schematic illustration of the mismatch of ground truth and
observed ground location caused by the (a) contamination of islands and the
(b) orientation of a coastline. The red circle represents the observed ground
point A and it moves to B along the solid line with arrow due to boresight
pointing error. The blue points A’ and B’ represent the “true” coastline points
identified by CIP method before and after the movement of the observed point.

then studied based on the estimated in-track and cross-track
erTors.

A. Improvement of Coastline Inflection Point Method

As discussed in Section I, when the CIP method is applied to
determine the “true” ground geolocation point, the presentation
of clouds and islands as well as the coastline orientation will
lead to uncertainties in the “true” coastline points. As shown
in Fig. 2, the coastline point is observed at point A provided
that the instrument beam vector is accurate. But if the boresight
pointing error presents, the observed coastline point will move
from point A to point B along the solid line with arrow.
In CIP method, the ground “truth” is determined as the coast-
line point that closest to the measured one. This will lead to the
identification of an incorrect “true” coastline point under the
following situations. As shown in Fig. 2(a), if there is a small
island that closer to B than A, the “true” point will be located
at B’ instead of the true position A’. This issue consequently
makes the magnitude of estimated geolocation error smaller
than the truth, or even lead to a totally opposite sign. As shown
in Fig. 2(b), if the coastline is not perpendicular to the moving
direction represented by the solid line with arrow, the “true”
point will be wrongly located at B/, since B’ B is shorter
than A’ B. This will lead to the underestimation of geolocation
error. Besides, the existence of clouds will either obscure
coastline detections or introduce false detections, which leads
to uncertainty in the retrieval samples.

In this paper, two strategies are adopted to address the
issues mentioned above. First, only the coastline regions
without small islands are selected, and VIIRS cloud mask
product (terrain corrected) is utilized to screen out the cloud
contaminated ATMS observations over the selected regions.
Second, the coastlines along in-track or cross-track directions
are selected to avoid the uncertainty in samples. As shown
in Fig. 3, red circles B and A are the observed coastline
point with and without beam pointing error. C is the “true”
coastline point determined by CIP method on GSHHG. From
the samples B and C identified around the coastline along
in-track/cross-track directions, the cross-track/in-track error at
this FOV can be estimated. This strategy is called separate-
domain technique hereafter.

B. Evaluation of On-Orbit Geolocation Error

SNPP ATMS TDR in June, July, and August of 2016 (data
set 2016) are used to estimate the on-orbit geolocation error
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(a) Cross-Track Error

(b)

In-Track Error (Pitch)

Fig. 3. Schematic illustration of the method to derive the (a) cross-track
and (b) in-track geolocation errors at a certain FOV. Red circles B and A are
the observed coastline point with and without beam pointing error, and blue
point C is the “true” coastline point identified by CIP method on GSHHS.
The other symbols have the same meaning as those in Fig. 2.
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Fig. 4. Distribution of the selected 24 regions on the map.

through the refined CIP method. The collocated VIIRS cloud
mask products are used to find the clear-sky observations,
and GSHHG data set is taken as the true coastlines. Total
of 24 regions with smooth coastline are selected, including
12 coastlines aligned with in-track direction and 12 coastlines
aligned with cross-track direction. These regions are marked
on map in Fig. 4. For the coastline along in-track direction,
the search of inflection points is carried out along cross-
track direction and vice versa. Currently, terrain correction
is not included in the operational SNPP ATMS geolocation
algorithm. To reduce the geolocation error caused by terrain
variation, the correction process is applied to the TDR data
before they are used in this paper. The surface height above the
WGS84 ellipsoid is calculated by adding the mean sea level
surface height data (SRTM 30 version 2) and the Ellipsoid-
Geoid Separation data (EGM96). The detailed terrain correc-
tion process can be referred to [22].

ATMS antenna beam pointing direction is divided into
five groups: channels 1, 2, 3-15, 16, and 17-22. Since
channels 17-22 are atmosphere opaque channels, where CIP is
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Fig. 5. Number distribution of the qualified retrieval samples of data set 2016
on (a) latitude and (b) scan positions.

not applicable, the CIP method is only applied to the obser-
vations of channels 1, 2, 3, and 16. The number distributions
of the samples qualified for retrieval on regions, latitude, and
scan positions are presented in Table I and Fig. 5. Table I and
Fig. 5(a) show that most of the measured points concentrate
around middle latitude. Fig. 5(b) shows that the number of
qualified samples declines sharply toward the ends of a scan
line. This is due to the overlap issue of the large FOVs at high
scan angles. Two cases of the observed coastline points identi-
fied by the separate-domain technique are shown in Fig. 6. The
on-orbit in-track and cross-track errors estimated by the refined
CIP method are presented in Fig. 7. It can be seen that the
in-track error and cross-track error show obvious scan-angle-
dependent feature, especially at channels 2 and 3. The total
geolocation error at nadir is estimated to be 3.6 km at K-band,
5.5 km at Ka-band, 3.4 km at V-band, and 1.6 km at
W-band, which is close to the prelaunch established speci-
fication for ATMS.

C. Root Cause of Scan-Angle-Dependent Feature in
Geolocation Error

Theoretically, the scan-angle-dependent feature observed in
geolocation error could be caused either by the instrument
mounting error expressed as a single set of Euler angle roll,
pitch, and yaw or the antenna beam misalignment expressed
as scan-angle-dependent roll and pitch or both. To find out the
root cause, the sensitivity of in-track and cross-track geoloca-
tion errors to Euler angle roll, pitch, and yaw is studied through
the following experiment. An arbitrary scan line from ATMS
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Fig. 6. Observed coastline points identified by CIP method from ATMS
channel 16 TDR of July 2016 in (a) region 1 and (b) region 21. Black
cross symbol represents the observed point and black solid curve is the real
coastline.
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Fig. 7. FOV-dependent in-track (black points with error bar) and cross-track
(green points with error bar) geolocation errors of SNPP ATMS channel 1(a),
2(b), 3(c), and 16(d) estimated from data set 2016 through the refined CIP
method.

SDR geolocation file is adopted and taken as the true
geolocation position. Geodetic latitude and longitude of each
FOV at the scan line is used to determine the view vector in
SC system following (5)—(10). Then, the vector is perturbed by
adding the boresight pointing error in terms of roll/pitch/yaw
angles through (3) and (4). The perturbed view vector is
transformed back to the observed FOV following the
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operational geolocation process shown in (2). The geoloca-
tion errors along east and north directions can be calculated
from the ground locations of the FOVs before and after the
perturbation. These errors are further projected to the in-track
and cross-track directions following the method in [2]. The
perturbation of the three Euler angles is set from —1° to 1° at
an interval of 0.2°. When one of them is tested, the other two
are set to be 0. The result is presented in Fig. 8. It is noticed
that in Fig. 8(a), roll alone produces small in-track geolocation
error. This is because of the fact that after the application
of beam alignment matrix Rinst/Ane and instrument mounting
matrix Rsc/mst, the beam vector is no longer in the yz plane
of spacecraft frame. Therefore, a roll error will introduce the
geolocation error in both in-track and cross-track directions.

The comparison among Fig. 8(b), (d), and (e) shows that
the cross-track error is mainly caused by roll. If produced
by a single roll angle, the geolocation error along cross-track
direction should be evenly symmetric about nadir, as shown
in Fig. 8(b). But, the cross-track error estimated from the
raw geolocation data of SNPP ATMS in Fig. 7 exhibits
more complex pattern. The cross-track error of channel 1
appears symmetry pattern, which indicates that the instrument
mounting error is the main error source. As for the other three
channels, the asymmetry pattern of cross-track error is quite
obvious, which indicates that the antenna beam misalignment
plays a major role in producing the geolocation error. This
experimental result discloses that the root cause of the scan-
angle-dependent geolocation error is the combination effects
of both antenna beam misalignment and instrument mounting
error. To correct such geolocation error, the Euler angle roll
and pitch need to be determined at each FOV.

IV. RETRIEVAL ALGORITHM FOR BORESIGHT
POINTING EULER ANGLES

A retrieval algorithm for the boresight pointing error in
terms of Euler angles is developed based on the mathematical
model along with the refined CIP method. This new retrieval
algorithm is capable of reducing the bias in the samples caused
by small islands, cloud, and the coastline direction. It also
takes into account the scan-angle dependent feature in the
boresight pointing error.

A. Retrieval Algorithm Development

Based on the analysis in Section III, the on-orbit geolocation
error of SNPP ATMS has obvious scan-angle-dependent fea-
ture which cannot be corrected by a single set of Euler angles.
Therefore, the retrieval algorithm developed in this section will
derive the Euler angle roll and pitch at each FOV. The Euler
angle yaw is not included in the retrieval, since the in-track
and cross-track errors caused by yaw can be mitigated by roll
and pitch at each FOV.

Provided that enough samples of observed points and their
corresponding ground truth can be found, the boresight point-
ing error in Euler angles can be retrieved through minimizing
the objective function built from (3). To reduce the bias
in samples caused by small islands, cloud, and coastline
direction, the refined CIP method with separate-domain tech-
nique used in geolocation error assessment in Section III is
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now adopted in this retrieval algorithm. As shown in Fig. 3,
from the samples B and C identified around the coastline
along in-track/cross-track direction, the Euler angle roll/pitch
for correcting the cross-track/in-track error at this FOV can be
retrieved. The objective function for retrieving roll and pitch
is established as follows:
N —/ —
minz |b sc —ROT; (f]k) . bsc|122
= _r < f’.‘ < T
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Sensitivity of in-track and cross-track geolocation errors to the boresight pointing (a) and (b) Euler angle roll, (c¢) and (d) pitch, and (e) and (f) yaw.

where 5;‘ is the Euler angle roll or pitch for the kth FOV, N is
N ./
the number of samples around the kth FOV, bgc and b sc are

the view vectors derived from the samples identified by the
above strategy, and ROTj is the rotation matrix corresponding
to the jth Euler angle defined in (4). The limited-memory
Broyden—Fletcher—Goldfarb—Shanno (L-BFGS-B) algorithm is
applied to solve this nonlinear optimization problem with
simple bounds. This algorithm, which is based on the gradient
method, uses a limited-memory BFGS matrix to approximate
the Hessian matrix of the objective function [23]. In this



ZHOU et al.: SNPP ATMS ON-ORBIT GEOLOCATION ERROR EVALUATION AND CORRECTION ALGORITHM

1.0

0. ® Ch2
= y
=
=
<
B
2 =t

. -0.2

045 2 48 7 96 =0 24 48 72 9
Scan Position Scan Position
0.4
(d) Ch.16
02
4
=
=
<
B
=
55}
RS 24 48 ) 9 O 24 48 7 9%

Scan Position Scan Position

Fig. 9. Retrieved Euler angle roll (black points) and pitch (blue points) at
each scan position of SNPP ATMS channel 1(a), 2(b), 3(c), and 16(d). Black
and blue lines are the secondary polynomial fitting lines of the points with
the same color.

paper, the iteration of L-BFGS-B always begins from an initial
guess of zero. By selecting specific inflection points in specific
domains, the boresight pointing Euler angles can be retrieved
independently, and thus, the bias in the data can be reduced.
Note that since the geolocation error detected by CIP method is
the total residual static error, the retrieved Euler angles actually
represent the boresight pointing misalignment caused by all the
possible static error sources.

B. On-Orbit Boresight Pointing Error Retrieval Results and
Accuracy Evaluation

The data set 2016 which has been used in Section III-B
to estimate the on-orbit geolocation error of SNPP ATMS is
now used in the retrieval algorithm in (11) to derive the
boresight pointing Euler angles. The retrieved Euler angles of
the four window channels are presented in Fig. 9. To reduce
the uncertainty, the retrieved roll/pitch of each channel is fit by
a quadratic polynomial function and the Euler angle at each
FOV on the fitting line is taken as the final solution, as shown
in Fig. 9. The retrieved Euler angles appear obvious scan-
angle-dependent and band-dependent feature, which indicates
that the antenna beam misalignment is one of the major error
sources of the static geolocation error and the correction matrix
determined by prelaunch ground test is incapable of effectively
eliminating the geolocation error caused by such error source.

To evaluate the accuracy of the retrieval algorithm and
verify the effectiveness of the separate-domain technique,
sensitivity experiment is designed as follows. First, a series of
observations with known geolocation errors are generated. For

each observation, bgc is derived from the raw geolocation data
following (5)-(10), corrected by the matrix ROTo created
from the retrieved Euler angles presented in Fig. 9, and then
rotated by the matrix ROTEimu created from the predetermined
Euler angles

b'sc = ROTL, - ROTeor - bsc. (12)
b sc is then transferred back to the ground geolocation lati-

tude and longitude following the normal geolocation process.
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Fig. 10. Variation of retrieval error with the simulated truth of Euler angles.
The retrieval error is defined as the average of the relative error of the two
Euler angles. Circle and cross with solid lines are the retrieval error of the
algorithm with and without the separate-domain technique, respectively.

Second, the retrieval algorithm with and without separate-
domain techniques is applied to the contaminated geolocation
data set, respectively. Without separate-domain technique,
the two Euler angles are indiscriminately and simultaneously
retrieved from the samples derived from all regions. The
retrieval accuracy is estimated by comparing the retrieved
Euler angles and the known truth. The retrieval error is defined
as the average of the relative error of the two Euler angles. The
data set 2016 is used in this sensitivity study. The Euler angles
of simulated truth are set from —1° to 1° at 0.2° intervals,
except at 0°. The sensitivity study result is presented in Fig. 10.
It can be seen that by using the separate-domain technique,
the retrieval error can be reduced from 47% to 5% on average.

V. ON-ORBIT CORRECTION OF SNPP
ATMS GEOLOCATION ERROR

From the retrieved boresight pointing Euler angles in Fig. 9,
the pointing error correction matrices ROTco for on-orbit
SNPP ATMS geolocation can be built through (4). The cor-
rection matrices can then be applied to improve the on-orbit
geolocation accuracy by updating the instrument mounting
matrix which is stored in the geolocation input parameter file

ROT§)nsT = ROTcor - ROTSE inst 13)
where ROTgrég/INST and ROTIS“’C";INST are the original and
updated instrument mounting matrices. Since the retrieved
Euler angles represent the boresight pointing misalignment
caused by all the possible static error sources, the correction
matrices actually correct the total static part of the geolocation
error.

To independently verify the effectiveness of these correction
matrices, a different data set of SNPP ATMS in June, July, and
August of 2014 (Data 2014) is used to estimate the in-track
and cross-track geolocation errors before and after correction.
The result is shown in Fig. 11. The in-track and cross-track
errors near nadir and edges of the scan are averaged and listed
in Table II.
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Fig. 11.  FOV-dependent geolocation error of SNPP ATMS channel 1(a-b),
2(c—d), 3(e—f), and 16(g-h) before and after applying the correction matrices. 19 74 80 71 68
Black points with error bar are the mean value and standard deviation of the
geolocation error derived from the statistics on the raw observations in data 20 285 | 314 | 266 | 257
set 2014. Blue points with error bar are the same as the black ones except 21 447 | 487 | 455 | 478
that the observations are corrected by the correction matrices constructed by
the Euler angles retrieved from data set 2016. 22 39 49 53 42
23 132 | 207 | 169 98
It can be seen that by applying the correction matrices, 24 445 | 463 | 434 | 456
the scan-angle-dependent feature in geolocation error is largely Total 8477 | 9176 | 8071 | 8464

removed. After correction, the in-track and cross-track geolo-
cation errors are reduced on the FOVs both near nadir
and toward the end of scan lines, except the cross-track

TABLE II

GEOLOCATION ERROR ESTIMATED FROM DATA SET 2014
BEFORE AND AFTER THE CORRECTION OF THE EULER

error at FOV 1-5 of channel 2. The total geolocation error ANGLES RETRIEVED FROM DATA SET 2016
at nadir before/after correction is 3.8/0.8 km at K-band,

5.6/0.8 km at Ka-band, 3.3/0.4 km at V-band, and 1.5/0.1 km Ground Geolocation Error (km)

at W-band. The geolocation bias at the edge of the scan line Before / After correction

before/after correction is 4.6/1.3 km at K-band, 9.4/1.8 km Ch.
at Ka-band, 4.4/2.4 km at V-band, and 3.2/0.8 km at W-band.
After correction, the total geolocation bias at nadir is much less
than the prelaunch established specification for SNPP ATMS. 1 | 44704 | 37/-06 | -16/12 | 0.6/-05 | 46/13 | 3.8/08
Overall, the correction near nadir is better than that at large
scan angles. This is because of the fact that the FOV size at
large scan angle is much larger than that near nadir, which not
only decreases the number of samples but also increases the 16 | 02/01 | 13701 | -32/08 [-09/-0008] 32/08 | 1.5/0.1
uncertainty in those samples with large scan angles.

In-Track Cross-Track Total

FOV1-5 | FOV46-50 | FOV 1-5 | FOV 46-50 | FOV 1-5 | FOV 46-50

2 -9.4/-13 -5.3/-0.7 -0.8/1.2 1.8/-0.4 94/1.8 5.6/0.8

3 -39/-1.0 | -22/-02 | -27/22 | -2.6/-0.3 44/24 33/04

VI. CONCLUSION AND DISCUSSION

The analysis of this paper shows that for SNPP ATMS, roll and pitch defined in SC system at each scan position.
the static error term with scan-angle-dependent feature is a A mathematical model is developed to describe the boresight
dominant part among all the geolocation error sources. This pointing error with such special pattern and connect it with
boresight pointing error can be corrected by the Euler angle the ground geolocation error. To monitor and reduce the on-
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orbit geolocation error, a retrieval algorithm for boresight
pointing Euler angles is established based on the geoloca-
tion mathematical model and a refined CIP method. In this
retrieval algorithm, Euler angler roll and pitch are retrieved
for each FOV position of each window channel. The separate-
domain technique is developed to mitigate the uncertainties in
CIP method. Numerical simulation results show that by
using this technique, the retrieval error can be reduced from
47% to 5%. Boresight pointing Euler angles are retrieved
by this new algorithm from ATMS TDR in June, July, and
August of 2016. The retrieval result is independently vali-
dated through a different TDR data set in June, July, and
August of 2014. By using the correction matrix built by
the retrieved Euler angles, the geolocation error is obviously
reduced both at nadir and at the edge of the scan. The total
geolocation error at nadir before/after correction is 3.8/0.8 km
at K-band, 5.6/0.8 km at Ka-band, 3.3/0.4 km at V-band,
and 1.5/0.1 km at W-band. The geolocation bias at the edge
of the scan line before/after correction is 4.6/1.3 km at
K-band, 9.4/1.8 km at Ka-band, 4.4/2.4 km at V-band, and
3.2/0.8 km at W-band. The total geolocation error at nadir
is much less than ATMS designed specifications. The scan-
angle-dependent feature observed in the geolocation error is
also largely reduced.

Several factors may contribute to the uncertainty of the
retrieval algorithm developed in this paper. As described in
the separate-domain technique, the selected coastlines should
be strictly aligned with the in-track or cross-track directions.
In reality, it is impossible to find a coastline that perfectly
meets such requirement. This will lead to the residual bias
in the identified ground “truth.” Besides, the sharp decrease
in the FOV resolution toward the ends of the scan of ATMS
will increase the uncertainties in the retrieval samples. Apart
from these factors, the observation noise and point spread
function of ATMS also induce uncertainties in the location
of the observed coastline points. More efforts need to be
made to quantitatively distinguish the uncertainties related
to these specific factors. The CIP method is inapplicable to
the atmosphere opaque channels. For these channels, a new
method is required to identify the reliable geolocation refer-
ence targets. This paper shows that SNPP ATMS geolocation
error is mainly contributed by both the antenna beam mis-
alignment and the instrument mounting error. However, to
further identify the amount of bias, each internal interface
of the instrument could cause is beyond the capability of
CIP method. Furthermore, the retrieved Euler angles appear
obvious scan-angle-dependent feature which indicates that the
measurements of antenna beam alignment with respect to the
instrument cube during the prelaunch ground test should be
made at more scan positions besides FOV 1, 48, and 96.
In our future work, we will study on these topics together with
the instrument vendor to further improve ATMS geolocation
accuracy.

It should be noted that the geolocation error math-
ematical model and the Euler angle retrieval algorithm
developed in this paper are not limited to ATMS.
For any transparent window channel of space borne
microwave observations, they can be used to retrieve
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the boresight pointing error and build the correction
matrices to improve the on-orbit geolocation accuracy.
This algorithm will be implemented to NOAA Integrated
Calibration/Validation System Long-Term Monitoring to mon-
itor the long-term variation of ATMS geolocation accuracy.
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