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1. INTRODUCTION
1.1. Product Overview
1.1.1. Product Description

As an infrared (IR) sounder instrument, the Cross-track Infrared Sounder (CrIS) provides
information on the vertical profiles of temperature, water vapor, and critical trace gases of the
atmosphere. Therefore, its radiances are widely used as inputs for numerical weather predication
(NWP) models through data assimilation [e.g., Eresmaa et al., 2017]. However, the wealth of
information provided by CrIS with its large number of channels (2221 spectral channels with 0.625
cm’! spectral resolution) are far from being fully exploited. Given its relatively large field of view
(FOV) of 14.0 km at nadir, indeed, the presence of clouds in the instrument field of view affects most
of the infrared sounder observations and it prevents from accurately simulating its radiances. In fact,
NWP centers use only a small number of observations from CrIS mostly in the clear sky or clear
radiances above clouds. So far, the assimilation of cloud radiances in NWP models remains a
challenge because it cannot handle inhomogeneous cloudy scenes [Prates et al., 2014]. In the context
of the preparation of all-sky assimilation, it is preferable to assimilate cloudy observations that are
completely covered in a homogeneous way. These scenes are supposed to be better characterized and
simulated than fractional cloudy scenes in NWP models. Therefore, it is important to provide the
subpixel scene homogeneity with the CrIS FOVs in support of NWP model data assimilation.

On the other hand, onboard the same satellite platform, such as the Suomi-NPP, NOAA-20 and -21
satellites, the Visible Infrared Imaging Radiometer Suite (VIIRS) is a whiskbroom scanning imaging
radiometer, collecting visible and infrared imagery of the Earth through 22 spectral bands between
0.412 and 12.01 pm with a resolution of 375 m or 750 m at nadir. [Cao et al., 2013]. The VIIRS also
provides various environment data records (EDR) with high spatial resolution [Zhou et al., 2019].
Collocating high spatial resolution VIIRS observations within relatively large CrIS FOVs can take
advantage of VIIRS high spatial resolution capabilities to provide sub-pixel scene characterization.
For example, collocating VIIRS cloud products (including VIIRS cloud mask, cloud top height,
pressure, and temperature) can provide sub-pixel cloud properties with CrIS FOVs, which has been
used for data quality control in data assimilation [Sun et al. 2021, 2022]. Extending these efforts, we
further implemented VIIRS radiance cluster analysis within CrIS FOVs in this study. Similar efforts
have been made for cluster analysis within Infrared Atmospheric Sounding Interferometer (IASI)
observations using the Advanced Very High Resolution Radiometer (AVHRR) channel radiances
with 1 km spatial resolution at nadir, both of which are onboard the MetOp satellites [Cayla 2001
Phillips and Schluessel 2005]. The AVHRR cluster information associated with IASI has already
proven to be useful for selection purposes in the context of cloudy data assimilation [Martinet et al.,
2013] and cloud detection and observation selection in the clear sky data assimilation [Eresmaa,
2014]. This document describes the newly developed VIIRS radiance cluster products that are saved
in the Binary Universal Form for the Representation of meteorological (BUFR) data for optional data
assimilations of NWP models.
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1.1.2. Product Requirements

The VIIRS cluster analysis will be output as intermediate files with netCDF4. Combined with
other files - CrIS NUCAPS thinned and full radiance NetCDF4 files, the Reformatting Toolkit will
convert them into final enhanced NUCAPS BUFR files, which are distributed to the users (NWP
centers). The VIIRS cluster analysis files will be generated when both input datasets (CrIS and VIIRS
granules) are available. The algorithm requires that the VIIRS data must overlap the CrIS granules by
30 seconds on either side (30 seconds before the start time and 30 seconds after the end time). The
processing shall wait for 6 minutes after the arrival of the NUCAPS CrIS radiance files for the
availability of the VIIRS cluster intermediate files to produce the updated BUFR final output product.
After 6 minutes, if no VIIRS cluster intermediate files arrive, the Reformatting Toolkit would continue
to convert the CrIS NUCAPS NetCDF4 files into CrIS NUCAPS BUFR format, just without the
VIIRS cluster analysis information.

The algorithm currently focuses on CrIS data from NOAA-20 and -21 satellites. Because of the
instrument issues, the data at the longwave infrared band are not available from SNPP/CrIS and thus
are not processed by this algorithm. In addition, as we will mention later, there are two different types
of VIIRS geolocation datasets, i.¢e., the one with terrain correction (TC) (GMTCO) and the other on the
Earth Ellipsoid without terrain correction (Non-TC) (GMODO). Although both can be used as inputs
and the output results are almost identical, the GMTCO dataset is used during operation because the
GMODO datasets will be soon retired from the NOAA ground data processing system.

1.2. Satellite Instrument Description

Both CrIS and VIIRS are onboard the NOAA’s Joint Polar Satellite System (JPSS) satellites
including Suomi NPP, NOAA-20, and NOAA-21. All these satellites are at a nominal altitude of ~829
km in a Sun-synchronous orbit with local equatorial crossing times of ~13:30 (ascending) with a
quarter orbit of separation. CrIS is a step-scan Fourier transform spectrometer. It takes eight seconds
for each scan sweep, each collecting 34 Fields of Regard (FORs), including 30 are the Earth scenes
and four (4) are the space and blackbody calibration views. The scan mirror stepwise scans the Earth
step by step in the cross-track direction from —48.3° to +48.3 with a 3.3° step angle, equaling a 2200
km swath width on the Earth. Each FOR includes nine (9) field stops define the 3 x 3 detector array,
arrayed as 3 % 3 0.963° circles and separated by 1.1°. CrIS radiance spectrum (without apodization)
has three IR bands from 650 to 1095 cm™!, 1210 to 1750 cm™!, and 2155 to 2550 cm™! with spectral
resolutions of 0.625 cm™! (a total of 2211 spectral channels) [Han et al., 2013].

As a whiskbroom scanning radiometer, the VIIRS instrument scans the Earth in the range of
+56.3° in the cross-track direction with a swath width of 3060 km [Cao et al., 2013]. VIIRS has 22
spectral bands covering the spectrum between 0.412 pm and 12.01 pm, including 16 moderate
resolution bands (M-bands) with a spatial resolution of 750 m at nadir, 5 imaging resolution bands
(I-bands)—375 m at nadir, and 1 panchromatic Day-Night-Band (DNB) with a 750 m spatial resolution
throughout the scan. The M-bands include 11 Reflective Solar Bands (RSB) and 5 Thermal Emissive
Bands (TEBs). The I-bands include three RSBs and two TEBs. Different from AVHRRVIIRS uses a
unique approach of pixel aggregation which controls the pixel growth towards the end of the scan.
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Consequently, the VIIRS spatial resolutions for nadir and edge-of-scan data are comparable. For
example, for typical I-bands, the resolution changes from 375 m at nadir to ~800 m at the end of a
scan. Furthermore, to save transmission bandwidth, VIIRS also uses a “bow-tie removal” approach
that removes duplicated pixels in the off-nadir areas where there is an overlap of several pixels
between adjacent scans. This “bow-tie removal” effects must be carefully handled when generating
VIIRS cluster analysis.

2. ALGORITHM DESCRIPTION
2.1. Processing Outline

The details on the VIIRS cluster analysis algorithm is described in the section. The major steps
include: 1) collocating VIIRS pixels with CrIS, 2) applying the VIIRS cluster analysis, 3) outputting
the results into the netCDF and BUFR datasets. Shown in Figure 2.1 is the flowchart of the algorithm,
where the gray blocks indicate these three steps.
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Figure 2- 8 Flowchart for data processing, in which gray block indicates three steps including 1) collocating VIIRS pixels with CrIS, 2)
applying the VIIRS cluster analysis, 3) outputting the results into the netCDF and BUFR datasets

2.2. Algorithm Input

The datasets used as inputs include CrIS geolocation datasets and VIIRS radiance and geolocation
datasets. The NOAA Interface Data Processing Segment (IDPS) for the JPSS mission operationally
processes the Raw Data Records (RDR) into sensor data records (SDR) and simultaneously generates
geolocation data sets on real time basis, which can be obtained from the Comprehensive Large
Array-data Stewardship System (CLASS) (https://www.avl.class.noaa.gov/saa/products). Only four
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(4) VIIRS IR M-bands (M13-16) with central wavelength of 4.05, 8.55, 10.763, and 12.01 um are used
for cluster analysis at the current data processing because these IR bands can provide correspondent
sub-pixel information for CrIS data assimilation. There are two geolocation datasets for VIIRS, i.e.,
the one with terrain correction (TC) (GMTCO) and the other on the Earth Ellipsoid without terrain
correction (Non-TC) (GMODO), while CrIS only has Ellipsoid geolocation dataset without terrain
correction (GCRSO). The collocation algorithm can process both TC and Non-TC VIIRS geolocation
datasets as inputs for the VIIRS cluster analysis. However, the 15 minute worldwide binary geoid
height file is needed when VIIRS TC geolocation files are inputs, which can be obtained from the link
of https://download.osgeo.org/proj/vdatum/egm96 15/ .

2.3. Theoretical Description
2.3.1. Physical Description

2.3.1.1 Collocating of VIIRS with CrIS

The first step of the collocation is to pair the CrIS and VIIRS files as inputs. The starting and
ending time from each CrIS granule file is used to find the overlapped VIIRS files (before and after 60
seconds). These files are grouped together as inputs for collocation. Shown in Figure 2.2 is an example
that VIIRS images overlapped with CrIS FOVs, the collocation process is to quickly retrieve VIIRS
pixel index number (based on scanline and pixel number) within CrIS FOVs and FORs. If one does
this process on the Earth surface by checking ground pixel distance, it is very hard to deal with
off-nadir field of view (FOV) distortion precisely because the FOV footprint projected on the ground
becomes egg-shaped as the scan moves away from nadir. Therefore, to avoid this, an accurate and fast
collocation method directly based on the line-of-sight (LOS) pointing vectors has been developed and
described in Wang et al. [2016]. The basic idea is to collocate VIIRS and CrIS in space instead of on
the ground to improve computing efficiency.

[ - NV #

Figure 2- 9 Example of VIIRS image overlapped with CrIS FOV and FOR that projected on the Earth. Shown at the bottom is the
enlarged plot from the plot on the top.
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Another consideration is to collocate the TC VIIRS geolocation data with non-TC CrIS
geolocation datasets by further extending the above method. It is under plan that the Earth Ellipsoid
without terrain correction (GMODO) will retire, and the NOAA IDPS will only release the VIIRS
geolocation datasets with terrain correction (GMTCO) in the future. In Equation (5) in Wang et al.
[2016], the Ellipsoidal Heights h is not zero but equals,

h=N+H, (1)
where N is the Geoid height and can be acquired from the 15 minute worldwide binary geoid height
file (https://download.osgeo.org/proj/vdatum/egm96_15/), H is the Orthometric Heights (elevation)
and is saved in the geolocation file with terrain correction (GMTCO) at each VIIRS pixel. With the
improved method, the collocation procedure can handle both VIIRS TC and Non-TC datasets and get
similar results. Figure 2.3 shows the difference of averaged VIIRS brightness temperature using two
VIIRS data geolocation datasets for one day’s global data. It clearly shows that the differences are
almost negligible globally, except in the regions with complex terrain (e.g., Tibet mountains). In other
words, by using geoid height (from the static dataset) and terrain height (already saved in VIIRS
geolocation data), we can modify the collocation method and achieve similar results as non-TC data.

NonTerrain - Terrain (Method 2)
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Figure 2- 10 Collocation Difference between VIIRS TC and Non-TC data as inputs.

2.3.1.2 VIIRS Cluster Analysis

After collocation, within each CrIS FOR and FOV, we obtained the index from VIIRS geolocation
datasets, corresponding to the matched VIIRS radiances dataset. Therefore, the VIIRS radiance
values from each band can be retrieved and then grouped together for the cluster analysis. There are
two steps. First, the cluster analysis is applied to collocated VIIRS pixels at the CrIS FOR level.
Cluster analysis is a statistical technique that groups together data points based on their features or
variables. This means that data points that have similar features or variables are grouped together. The
main aim of this analysis, therefore, is to identify scene patterns and homogeneity. With the VIIRS
cluster analysis, the collocated VIIRS pixels will be grouped into the seven (7) groups based on their
radiance values (similarity). The data users can use cluster information to obtain scene homogenous
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information. As the second step, the cluster analysis results will be mapped into each FOV and then
output the results. This is like the IASI-AVHRR cluster procedure.

The notion of a "cluster" cannot be precisely defined and thus there are so many clustering
algorithms. K-Means cluster algorithms is one of the most popular algorithms and it is also
scale-efficient as it has a complexity of O(n) [Forgy 1965]. K-means is a centroid-based clustering
algorithm, where one calculates the distance between each data point and a centroid to assign it to a
cluster. The goal is to identify the K number of groups in the dataset. This is an iterative algorithm that
aims to minimize the sum of squared distances between data points and their assigned cluster
centroids. K-means cluster analysis follows these steps:

1) Specify the number of clusters. This is referred to as k. We choose the seven (7) clusters.
2) Allocate objects to clusters. The most straightforward approach here is to randomly assign
objects to clusters.

3) Compute cluster means. For each cluster, the average value is computed for each of the
variables.

4) Allocate each observation to the closest cluster center.

5) Repeat steps 3 and 4 until the solution converges.

Figure 2-4 presents the steps for VIIRS cluster analysis. After collocated VIIRS pixels are
extracted within CrIS FORs, the K-means cluster algorithm is applied, and these pixels are separated
into seven (7) groups based on their radiance values. Finally, the cluster analysis results are only kept

in each FOV. The mean, standard deviation, and coverage for each cluster are output at each VIIRS
bands.

Pixels are indicated by BTs
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Figure 2- 11 Procedures of CrIS VIIRS Cluster Analysis for collocated VIIRS pixels.
2.3.2. Mathematical Description

2.3.2.1 Collocation of CrIS and VIIRS
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The uniqueness of this study is to collocate the VIIRS and CrIS measurements based on VIIRS and
CrIS Line-of-Sight (LOS) pointing vectors, defined as the vector from the satellite position to the
Earth surface pixel location. As a first step, CrIS and VIIRS geolocation datasets, which contain
latitude, longitude, satellite range, satellite azimuth and zenith angles of CrIS and VIIRS
measurements, are used to compute the LOS Pointing Vectors. In the following step, VIIRS and CrIS
LOS vectors are matched by examining the angle between VIIRS and CrIS LOS vectors. The
corresponding indexes of VIIRS pixels are retrieved through the matched VIIRS LOS vectors. The
details of the method as well as the optimization and implementation of the algorithm are described in
this section.

Table 2.1 and Figure 2.5 summarize the coordinate systems used in this study. Geolocation
datasets of CrIS and VIIRS contain geodetic latitude and longitude of each satellite measurement,
characterizing the intersection location of the LOS pointing vector with the Earth. In a typical
geographic coordinate system, geodetic latitude and longitude usually represent horizontal position.
The third variable represents the vertical position above the Earth ellipsoid. Hence, this coordinate
system can be simply called the geodetic latitude, longitude, and altitude coordinate system (LLA).
The reference Earth ellipsoid can be characterized by the so-called geodetic datum. Both CrIS and
VIIRS geolocation algorithms use the World Geodetic System 1984 (WGS84) as a geodetic reference.
There are two geolocation datasets for VIIRS SDR datasets, that is, the one with terrain correction and
the other without terrain correction.

Table 2-1 Summary of coordinate systems used in the collocation process.

Coordinates Type Origin Variables

Local Spherical Coordinate ~ Spherical Measurement (R, ©, ®)
Location R: Range (meter)
®: Zenith Angle (degree)
@: Azimuth Angle (degree)
Local East, North, Up (ENU) Cartesian Measurement  (East, North, Up) in meter

Coordinate Location

Geodetic Latitude, Spherical = Earth Center  (y, A, h)

Longitude, and v : Geodetic Latitude (degree)
Altitude (LLA) Coordinate A: Longitude (degree)

h: Altitude (meter)
Earth-centered, earth-fixed Cartesian = Earth Center (X, Y, Z) in meter
(ECEF) Coordinate
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a)

b}

Figure 2- 12 Illustration of the coordinate systems listed in Table 1, including a) ENU (red color), LLA (green color), ECEF (black
color) coordinate systems, and b) local spherical coordinate (blue color).

First, given satellite range, zenith angle, and azimuth angles as (R, ®, ®), the LOSg~y vector in an
ENU coordinate can be determined as (E, N, U) as,

E Rsin® sin®
LOSgny = (N) = (R sin @ cos <D> (2)

U Rcos©®

Second, any vector in a local ENU coordinate can be converted into ECEF through two rotations if
we know the geodetic latitude (y) and longitude (A) where the local ENU coordinate is formed,
including 1) a clockwise rotation over east-axis by an angle 90-y to align the up-axis with the Z-axis
and then 2) a clockwise rotation over the Z-axis by and angle 90+ to align the east-axis with the &
-axis. Consequently, these two rotations can be combined to form a following equation as,

LOSy —sinA  —cosAsiny cosAcosy\ /E
LOS = (L05y> = ( cos A sinAsiny  sinAcos 1/)) (N) 3)
LOS, 0 cosy siny U

Finally, the satellite measurement location vector G can be computed in ECEF using geodetic
latitude (v) and longitude (A) of the satellite measurement location on the Earth as,
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Gy [N() + h] cosy cos A
G = (GY> _ [N(:/J) + h] cosysin A @
Gy [% N@) + h] siny

where h is height above the Earth ellipsoid, N(y) is Prime Vertical radius of Curvature at a given
location that can be computed using geodetic latitude (y) as an input, and a and b are semi-major and
semi-minor axes for the defined the Earth ellipsoid. For any location on the Earth ellipsoid surface, h
simplifies to zero, this is for non-TC geolocation datasets. For TC VIIRS geolocation datasets, the
Ellipsoidal Heights h is not zero but equals Equation (1).

Satellite

a)

b)

LOScns

Figure 2- 13 Schematic diagrams showing how to collocate VIIRS pixels CrlS FOV through VIIRS and CrlS LOS pointing vector,
including a) computation of the VIIRS and CrIS LOS vectors in ECEF and b) examination of the angle between CrlS and VIIRS LOS
vectors. Note that ¢ is the CrIS detector FOV angle of 0.963°.

Shown in Figure 2.6a are three vectors. The satellite position vector P is defined as the one
pointing to the satellite from the Earth Center — the ECEF origin. The satellite measurement location
vector G is the vector pointing to the location of satellite measurements from the Earth Center. The
satellite LOS vector LOS is the one pointing the satellite measurement location on the Earth Ellipsoid
surface from the satellite position. Mathematically, a relationship among these three vectors can be
shown as,

P=G - LOS (5)
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Henceforth, except the vectors are explicitly denoted in a specific coordinate, they are referred to those
expressed in ECEF. Basically, the collocation CrIS and VIIRS measurements are carried out in ECEF
by matching CrIS and VIIRS LOS vectors.

Once the CrIS and VIIRS LOS vector are derived, the collocation of VIIRS and CrIS can be
simplified as examining the angles between two vectors. As shown in Figure 2.6b, the circular CrIS
detector “sees” the Earth through a solid angle like a cone, whose angular opening is determined by the
size of the FOV angle (that is 0.963° for CrIS). Coming from the same satellite position, any VIIRS
vectors falling in the cone will overlap with CrIS measurements on the ground. Therefore, we need
not concern the size and shape of FOVs on the Earth surface. Generally, the dot product of two
Euclidean vectors A and B is defined by A - B = ||A||||B|| cosBhere 8 is the angle of the two vector
and ||A|| means the length of the vector A. Specifically, the criterion for collocation- which
determines whether the angle of two vectors is less than a threshold - can be expressed as

(6 - Pcris) 1
((Geris — Peyrs) - LIRS__crl3 > cos (5‘/’)), (6)

lGcris— PcrislllGyiirs— Pcrisll

where Gceris-Pcrs equals the CrIS LOS vector, Gvirs-Pcris represents the VIIRS LOS vector, and ¢
is the FOV size angle of 0.963°. In equation (6), the numerator is the dot product of the two vectors,
while the denominator is the product of the two vectors’ lengths. The VIIRS LOS vector has to be
re-computed using the same satellite position Pcrs from CrIS instead of Pvirs from VIIRS in order to
keep two vectors of Gvirs-Pcris and Gers-Pcris originated at the same position. Since there is still a
slight time difference between CrIS and VIIRS measurements, the satellite positions for CrIS and
VIIRS are not exactly the same. Furthermore, Equation (6) also avoids using an arccosine routine
because it needs high accuracy for a small angle between two nearly parallel vectors.

2.3.2.2 K-means Cluster analysis

Given a set of observations (X1, X2, ..., Xn), Where each observation is a d-dimensional real vector
(e.g., VIIRS bands), k-means clustering aims to partition the n observations into k (< n) sets S = {Si,

Sa, ..., Sk}, so as to minimize the within-cluster sum of squares (i.e. variance). Formally, the objective
is to find:

agg min Z{';l ersi”x —wll* (7
(7)

where ; is the mean (also called centroid) of the points in S, that is,
1
M = |S_i|ZxESi X (8)

|S;| is the size of Si. This is equivalent to minimizing the pairwise squared deviations of points in the
same cluster:

. 1
arg min PR 57 Zayesllx = yII? 9)
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Therefore, The K-means algorithm clusters data by separating samples in k groups, minimizing a
criterion known as the inertia or within-cluster variance sum-of-squares.

2.4. Algorithm Output

As shown in Figure 2-1, the algorithm will output the intermediate file with the netCDF4 format,
including the mean, standard deviation, coverage, quality flags of seven (7) clusters in four (4) VIIRS
bands. In addition, the longitude and latitude of CrIS FOVs are also saved into the netCDF files. The
filename matches the original CrIS SDR files but with different name convention. Table 2.2 shows the
file content for one example file. We also should point out that the VIIRS and CrIS radiance units are
defined differently in the BUFR table. CrlIS radiance uses W m™ sr'! cm and VIIRS is W m sr™! pum™.
It is different from IASI AVHRR cluster analysis. These intermediate netCDF files will be combined
with other files to generate the BUFR data used for data assimilation.

Table 2-2 Summary of the content pf the output netCDF4 file.

Variables Dimension Unit Data Type

Longitude (nScan, nFor, nFov) Degree float(32Bits)
Latitude (nScan, nFor, nFov) Degree float(32Bits)
VIIRS cluster mean | (nScan, nFor, nFov, nCluster, nBands) W m?sr! um! float(32Bits)
VIIRS cluster std (nScan, nFor, nFov, nCluster, nBands) W m?sr! um float(32Bits)
VIIRS cluster cover | (nScan, nFor, nFov, nCluster) N/A float(32Bits)
VIIRS cluster flag (nScan, nFor, nFov) N/A Ubyte(8bits)

2.5. Performance Estimates
2.5.1. Test Data Description

Before this algorithm was released for operational transition, the test data was produced and then
released to the data users (e.g., the NWP centers) for testing. The one day’s test data on 03/25/2022 was
released for format testing by data users. The feedbacks from data users were very positive, including
1) the BUFR data format is good and there is not issues for data users to read out the data (from NCEP
and ECMWF); 2) there is no needs to change the BUFR table because all the variables related VIIRS
clusters already defined, and 3) the CrIS VIIRS cluster analysis is comparable with the IASI-AVHRR
product, based on the data analysis from ECMWF.

After the first version of the data was released, the science team generated three months’ test data
from 10/18/22 to 01/31/23 for operational transition and data assimilation experiments. The data was
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uploaded onto the FTP server. During the processing of the data, some anomaly granules were found.
and the science team was investigating the root cause case by case and further improved the software.
In addition, the scientists from ECMWF ran assimilation experiments with the VIIRS cluster testing
data and the results are very positive.

2.5.2. Sensor Effects

There are two possible sensor calibration effects that may contribute to the uncertainties of VIIRS
cluster analysis products.

First, although CrIS and VIIRS are on the same satellite platform, their geolocation datasets are
independently generated during satellite operation. The geolocation difference between CrIS and
VIIRS can cause collocation errors. Therefore, it is important to align VIIRS and CrIS together. Wang
et al. [2013, 2017] have developed the method, which adjusts CrIS geolocation to VIIRS by treating
VIIRS as a reference. In other words, the method can perform postlaunch on-orbit geometric
calibration by optimizing mapping angle parameters based on the assessment results. This makes CrIS
and VIIRS spatially align together and thus benefits the CrIS-VIIRS cluster analysis product.

Second, the output VIIRS cluster mean, and standard deviation values are computed from the
VIIRS radiance values. Therefore, the spectral and radiometric calibration accuracy can directly
impact on the VIIRS cluster analysis data quality. Therefore, it is essential that the VIIRS SDR data
(including geolocation data) must have high data quality.

2.5.3. Retrieval Errors

Different from other physical retrieval algorithms, the VIIRS cluster analysis is a statistical
method that groups the collocated VIIRS pixels into the same group based on the similarity of their
radiance values in different VIIRS bands. This is because the definition of a “cluster” cannot be
precisely defined. The notion of a cluster, as found by different algorithms, varies significantly in its
properties. Therefore, it is hard to estimate the cluster errors without a true reference.

2.6. Practical Considerations
2.6.1. Numerical Computation Considerations

2.6.1.1 Collocation computation considerations

Equation (6) seems straightforward in mathematical nature and is simple to implement in
computation. However, the situation is complicated by the fact that one must go through
time-consuming search loops. For example, in a typical CrIS granule, there are 9x30x4 CrIS FOVs.
Usually we need two VIIRS granules to fully overlap with the CrIS granules to run the collocation
algorithms, that is 3200x1536 VIIRS pixels. For a specific CrIS LOS vector corresponding to a CrIS
measurement, one has to check whether the angles of this CrIS LOS vector satisfy the requirement
stated in Equation (6) with all 3200x1536 VIIRS LOS vectors. It turns out a total of
9x30x56%3200x1536 loops. In computer sciences, it is called brute-force search, which is a very
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general problem-solving technique that consists of systematically enumerating all possible candidates
for the solution and checking whether each candidate satisfies the problem's statement. While a
brute-force search is simple to implement, and will always find a solution if it exists, its cost is
proportional to the number of candidate solutions in computing time or memory space.

One way to speed up the brute-force search is to reduce the search space, i.e., the set of searched
VIIRS pixels. For example, if the search is only limited in near neighbor VIIRS pixels that are close to
a given CrIS measurement, the number of the loops will be greatly reduced. The main idea is to
pre-process the data set, and selectively obtain a set of pivot pixels. The brute-force search is only
applied to these pixels to check if they meet the searched requirements. To achieve this, the closest
VIIRS pixel that matches a given CrIS FOVs location must be first found as a pivot point to define the
search area, which may not be necessarily accurate but has to be close enough to the given CrIS FOV.
Once this pixel was found, a rectangle area can be defined composed by 201x201VIIRS pixels from
centered at this VIIRS pixel position. Consequently, the searched area is reduced to 201x201 VIIRS
pixels by trimming out the vast majority of possible search from original 3200x1536 VIIRS pixels.
Finding the closest matched VIIRS pixels for a specific CrIS measurement in the latitude and
longitude coordinate system becomes a nearest-neighbor search (NNS) problem. There are various
solutions to the NNS problem that have been proposed in computer science. The quality and
usefulness of the algorithms are determined by the time complexity of queries as well as the space
complexity of any search data structures that must be maintained. For our purpose, we use a
K-Dimensional Tree (K-D Tree) searches to speed up this process. It is a binary search tree where data
in each node is a K-Dimensional point in space. In short, it is a space partitioning data structure for
organizing points in a K-Dimensional space. This algorithm uses the pykdtree package
(https://github.com/storpipfugl/pykdtree). The pykdtree is a KD-tree implementation for fast nearest
neighbour search in Python. The aim is to be the fastest implementation around for common use cases
(low dimensions and low number of neighbors) for both tree construction and queries. The
implementation is based on scipy.spatial.cKDTree and 1ibANN by combining the best features from
both and focus on implementation efficiency.

2.6.1.2 Collocation computation considerations

This algorithm uses the K-means clustering package from the scikit-learn package, which is a free
software machine learning library for the Python programming language
(https://scikit-learn.org/stable/modules/generated/sklearn.cluster.KMeans.html). The scikit-learn
package provides a KMeans class for performing k-means clustering. The KMeans class implements
the Lloyd's algorithm, which is a popular algorithm for k-means clustering. The algorithm works by
iteratively assigning data points to the closest centroid, and then recomputing the centroids. The
algorithm converges when the centroids no longer change significantly.

It is also important that the K-Means clustering algorithm is not a deterministic algorithm. It
usually starts with some randomized initialization procedure, and this randomness means that different
runs will start at different points. Seeding the pseudo-random number generator ensures that this
randomness will always be the same for identical seeds. During the implementation, the K-Means
clustering algorithm runs K-Means several (default values 10) times and uses the best resulting
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clustering. Based on our test, for highly inhomogeneous scenes, the results are rather stable and thus it
is suitable for data assimilation for data quality control.

2.6.2. Programming and Procedural Considerations
See Section 2.6.1
2.6.3. Quality Assessment and Diagnostics

Because of the time latency requirement (6 minutes) for the VIIRS cluster algorithms, the codes
are implemented through parallel processing to improve the computation efficiency. In other words,
all the collocated VIIRS pixels on each FORs are grouped into a big list and processed simultaneously.
Therefore, once there is bad data in the individual pixels, it is very slow to process the data through the
loop. Eventually, the whole granule will fail to meet the time latency. With this consideration, we use
the “VIIRS cluster flag” in Table 2.2 to indicate the data quality as, 0: good data quality; 1: missing
inputs files; 2: collocation error occurring. Later, these operational flags can be further extended based
on operation feedbacks.

2.6.4. Exception Handling

See Session 2.6.3.

2.7. Validation

Because there is no truth for clustering algorithms, a cross-validation method is used. We applied
the IASI-AVHRR clustering algorithm into the CrIS VIIRS data and then compared clustering results.
Table 2.3 lists the differences and similarities between CrIS-VIIRS and IASI-AVHRR clustering
algorithms [Cayla 2001; Phillips and Schluessel 2005]. The main difference is that the IASI-AVHRR
one uses hierarchical clustering method, but the CrIS-VIIRS uses K-means approach. The K-means
algorithm is a centroid-based clustering method. It is fast but needs a fixed number for clustering. On
the other hand, hierarchical clustering builds models based on distance connectivity, and it is slower
than K-means clustering. Shown in Figure 2-7 are the clustering results using the CrIS-VIIRS and
IASI-AVHRR method for the same collocated VIIRS radiances with one CrIS FOR. After clustering,
only 7 clusters are output, which are indicated by 7 different colors. It clearly shows that both
algorithms successfully group the pixels together based on their radiance values, though there are
some small differences for individual pixels (indicated by the arrows). This ensures us the algorithms
works well and it is comparable with IASI-AVHRR one. The later data assimilation further confirms
that. The CrIS-VIIRS cluster data can quickly be used in the data assimilation system in ECMWF and
there is no need to refine the quality control parameters.
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Table 2-3 Differences and similarities between CriS-VIIRS and IASI-AVHRR clustering algorithms

CrIS-VIIRS IASI-AVHRR
Collocation Need to independent Using IASI-imager to align
collocation software AVHRR together.

Spatial Resolution

VIIRS Bow-Tie effects in
cross-track directions

AVHRR pixel increase smoothly
with scan angle

Cluster Analysis Algorithm

K-means clustering

Hierarchical clustering

Cluster number

16 bands (only 4 IR bands); 7 cluster
per bandMean, Stdev, Coverage per
cluster

5 bands; 7 cluster per band;
Mean, Stdev, Coverage per cluster

Data format

Separated BUFR data with
other cloud information

Packed in IASI levell-c data in
EPS format

* CrlS uses K-means clustering
— centroid-based clustering ‘ :

— Need a fixed number (k) of the cluster

— Fast

The results are very similar, while details are a little different

* |ASI uses Hierarchical clustering

— Connectivity-based clustering
— Need to build hierarchical tree

structures
— Slow

K-means

-

200 220 240 260 280
VIIRS_M15 BT[K]

Hierarchical

200 220 240 260 280
VIIRS_M15 BTIK]

7 clusters, the pixels in the same cluster are indicated by the same color
Figure 2- 7 The clustering results for CrIS-VIIRS (top) and IASI-AVHRR (bottom) for the same collocated VIIRS radiances. There are
seven (7) clusters indicated by 7 colors. The scatter plot of VIIRS band M14 and M15 is given on the right side.

Another validation can be performed at global level. We collocated AVHRR with IASI and then
applied the CrIS cluster analysis algorithm onto them. The results are compared the IASI-AVHRR
cluster analysis saved into the IASI levell-c data. The inter-cluster departures from the cluster analysis

are defined as,

1
7= \/E Ziy:l Gi(R; — Rj,mean)2 , (10)

Where R; is the radiance values, Rj, mean is the cluster mean, C; is the cluster coverage for cluster j. In
the end, the inter-cluster departures can be converted into the brightness temperature with an unit K.
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This variable basically characterizes the scene inhomogeneity. When this variable increasing, it
indicates that the scene is increasingly inhomogeneous. Figure 2-8 compared the inter-cluster
departures for a global map for the same AVHRR data within IASI FOVs, where the right is one that
the CrIS-VIIRS algorithm applied, and right is that from the IASI levelc data. It clearly indicates both
IASI and CrIS cluster analysis gives similar patterns of inter-cluster departure.

IASI cluster analysis from Level-1C I1ASI data IASI cluster analysis using the CrlS Algorithm

o = N W & U O ~N ®
S = N W s U N &

-150 - 0o o 50 100 150 —150 o -50 0 50 100 150

Figure 2-8 Inter-cluster departure in unit [K] for same IASI data using CriS (vight) and IASI (left) algorithms.

3. ASSUMPTIONS AND LIMITATIONS

3.1. Performance Assumptions

N/A

3.2. Potential Improvements

Here are potential improvements for future algorithms.

1) There is a total of 16 VIIRS M-bands but only 4 IR bands used in this product. In the
future, if the data assimilation community needs other 12 visible channels, these
channels can be added into the algorithm. However, the clustering results will be
different between day and night. Because during daytime, the visible channels
dominate the cluster algorithms (12 visible channels versus 4 IR channels). These
need to be further studied.

2) There two angle variables of “YAPCG” and “ZAPCG” have not been filled yet because
we need to fully understand the definition.
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