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‘ Rotation-Invariant Cloud Clustering

e Automation of classification and clustering of cloud (Cloud

Classification) gains an insight of cloud impact on the Earth'’s
energy balance

e Unsupervised learning approach can address
o Limited number of categories in training sets
o Free from artificial definitions
o Rarely available use of a large number of perfectly labeled

datasets

Kurihana et al. (2021)[1] developed Rotation-Invariant Cloud
Clustering (RICC) for MODIS satellite imagery

NASA archives 21-year of MODIS imagery from TERRA and AQUA
= approximately ~700TB of data!

Apply RICC to ocean image of a year 2003 and run inference
over the entire January 2003 data.
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Parallel process on CPUs
RICC workflow comprises a data download from NASA LAADS
and four principle steps for the implementation. Prepare Data
step subdivides each large MODIS swath into smaller unit
(patches); Train/Test Autoencoder step produces a
lower-dimensional representation; Cluster step applies
agglomerative hierarchical clustering; Evaluate step applies
protocol to evaluate the clusters.
Inference workflow applies cluster centroids to assign cluster
labels to the rest of 22 year sof MODIS dataset.
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Use of MODIS Satelllte Data

Description

S/w infrared (1.230-1.250 pm)

S/w infrared (1.628-1.652 pm)

S/w infrared (2.105-2.155 pm)

L/w thermal infrared (3.660-3.840 pm)
L/w thermal infrared (7.175-7.475 pm)
L/w thermal infrared (8.400-8.700 pm)
L/w thermal infrared (10.780—11.280 pm)
loud mask

loud optical thickness

loud top pressure

loud phase infrared

loud effective radius
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MODO2: Use for train and test data; MOD35: Detect
\ cloud pixels; MODO0G6: Evaluate physical association
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Scalable RICC Autoencoder

' Relative frequency of occurrence

Cluster 3
RFO 6.3 %
COT 8.0 CTP 779.3 hPa

Cluster 4
RFO 18.8 %
COT 14.7 CTP 735.0 hPa

Cluster 2
RFO 11.8 %
COT 4.9 CTP 857.8 hPa

Cluster 1
RFO 5.2 %
COT 8.3 CTP 807.2 hPa

Cluster 7
RFO 13.4 %
COT 17.8 CTP 522.0 hPa

Cluster 8
RFO 6.7 %
COT 4.4 CTP 699.5 hPa

Cluster 6
RFO 8.5 %
COT 8.6 CTP 817.8 hPa

Cluster 5
RFO 11.2 %
COT 5.5 CTP 673.4 hPa

Cluster 12
RFO 2.2 %
COT 12.6 CTP 807.6 hPa

Cluster 11
RFO 3.7 %
COT 8.2 CTP 412.5 hPa

Cluster 10
RFO 4.1 %
COT 8.0 CTP 794.8 hPa

Cluster 9
RFO 8.1 %
COT 18.6 CTP 713.4 hPa

Relative Frequency of Occurrence (%)

Cluster 3
RFO 4.1 %
COT 13.6 CTP 519.5 hPa

Cluster 4
RFO 3.0 %
COT 5.1 CTP 866.3 hPa

Cluster 5
RFO 14.5 %
COT 16.6 CTP 713.6 hPa

Cluster 6
RFO 1.9 %

Cluster 1
RFO 6.4 %
COT 9.0 CTP 812.0 hPa

Cluster 2
RFO 8.7 %
COT 1.9 CTP 744.3 hPa

Cluster 11
RFO 2.3 %
COT 7.6 CTP 835.5 hPa

Cluster 9
RFO 4.3 %
COT 10.2 CTP 742.2 hPa

Cluster 10
RFO 3.6 %
COT 3.9 CTP 855.5 hPa

Cluster 12
RFO 2.4 %
COT 5.3 CI'PBZSZhP

Cluster 8
RFO 3.4 %
COT 7.4 CTP 797.6 hPa

Cluster 7
RFO 2.6 %
COT 6.0 CTP 857.0 hPa

Cluster 16

Cluster 17
RFOQO“/ RFO 3.3 %

Cluster 18

Cluster 13
RFO 2.4 %
COT 11.5 CTP 795.7 hPa

Cluster 14
RFO 2.1 %
COT 11.8 CTP 380.0 hPa

Cluster 15
049 % RFO 7.2 %
COT 10.0 CTP 793.6 hPa

COT 16.2 CTP 646.4 hPa COT 21.3 CTP 292.0 hPa

Cluster 24

Cluster 22
RFO 2.2 %
COT 7.0 CTP 798.4 hPa

Cluster 21

Cluster 23
RFO 2.1 %
COT 5.3 CTP 876.8 hPa

Cluster 20

Cluster 19
RFO 2.3 %
COT 4.4 CTP 536.2 hPa

RFO 2.8 % RFO 2.0 %

COT 3.9 CTP 714.5 hPa

RFO 2.4 %
COT 8.3 CTP 813.9 hPa

Relative Frequency of Occurrence (%)
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Cluster 1
RFO 3.3 %
COT 3.9 CTP 854.3 hPa

Cluster 2
RFO 2.3 %
COT 7.6 CTP 835.1 hPa

Cluster 3
RFO 1.9 %
COT 13.0 CTP 803.8 hPa

Cluster 4
RFO 3.2 %
COT 7.5 CTP 794.8 hPa

Cluster 5
RFO 2.4 %
COT 8.3 CTP 816.9 hPa

Cluster 6
RFO 2.3 %
COT 5.3 CTP 823.5 hPa

Cluster 7
RFO 2.4 %
COT 6.0 CTP 856.7 hPa

Cluster 8
RFO 2.5 %
COT 5.1 CTP 867.1 hPa

Cluster 9
RFO 2.2 %
COT 4.3 CTP 535.7 hPa

Cluster 10

RFO 3.9 %
COT 10.1 CTP 786.0 hPa
PP e

Cluster 11
RFO 2.2 %
COT 7.0 CTP 799.6 hPa

Cluster 12
RFO 4.8 %

Cluster 15 Cluster 18
RFO 3.8 %

COT 10.1 CTP 789.4 hPa

Cluster 16
RFO 6.5 %
COT161 CTP 632.3 hPa

Cluster 17
RFO 3.1 %
COT 21.1 CTP 288.7 hPa

Cluster 13

RFO 2.1 %
COT 11.5 CTP 804.7 hPa
T .

Cluster 14
RFO 1.9 %
COT 11.7 CTP 368.5 hPa

RFO 3.2 %
COT 1.1 CTP 647.5 hPa

RFO 7.0 %
COT 15.4 CTP 737.1 hPa

RFO 1.9 %

. 0
COT 3.9 CTP 708.3 hPa COT 5.7 CTP 399.3 hPa

0
COT 14.3 CTP 579 9 hPa COT 5.3 CTP 876.5 hPa

Cluster 28

Cluster 25 Cluster 26 Cluster 27
RFO 2.1 % RFO 0.9 % RFO 6.3 %
COT 5.4 CTP 856.0 hPa COT 12.6 CTP 345.4 hPa COT 3.0 CTP 804.3 hPa

B T~ e .

Cluster 29 Cluster 30
RFO 1.5 % RFO 9.5 % RFO 1.8 %
COT 4.9 CTP 856.8 hPa COT 17.9 CTP 681.2 hPa COT 9.6 CTP 658.3 hPa
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Relative Frequency of Occurrence (%)

Clt3

Cluster 4 Cluster 5

CI ster 6

RFO 2.0 %
COT 5.3 CTP 856.6 hPa
AP

Cluster 1 Cluster 2

RFO 3.1 %

RFO 6.0 % RFO 3.8 % RFO 2.6 % RFO 6.6 %
COT 10.5 CTP 785.8 hPa COT 19.0 CTP 707.1 hPa COT 10.8 CTP 780 9 hPa COT 21.5 CTP 272 0 hPa COT 15.5 CTP 734.9 hPa
5 PP ——— PP ———

Cluster 9
RFO 1.0 %
COT 11.6 CTP 815.7 hPa

Cluster 10 Cluster 11

Cluster 12
RFO 1.2 %
COT 6.8 CTP 826.0 hPa

Cluster 7 Cluster 8

RFO 1.4 %
COT 9.6 CTP 645.8 hPa
T r——

RFO 1.0 %
COT 5.5 CTP 831.9 hPa

RFO 1.1 %
COT 9.9 CTP 825.8 hPa

RFO 1.4 %
COT 5.4 CTP 876.5 hPa
PP r——

Cluster 15
RFO 1.3 %
COT 6.9 CTP 846.5 hPa

Cluster 16
RFO 0.8 %
COT 3.8 CTP 706.4 hPa

Cluster 17
RFO 0.8 %
COT 3.3 CTP 793.6 hPa

Cluster 18

RFO 0.9 %

COT 6.5 CTP 854.7 hPa
T ————

Cluster 13
RFO 1.6 %
COT 5.9 CTP 859.4 hPa

Cluster 14
RFO 1.9 %
COT 11.7 CTP 365.6 hPa

Cluster 22

RFO 4.2 %
COT 16.4 CTP 644.5 hPa
P e

Cluster 19

COT 11.6 CTP 782.6 hPa
AT

Cluster 25
RFO 1.9 %
COT 7.3 CTP 810.3 hPa

Cluster 26

RFO 0.7 %

COT 11.4 CTP 343.5 hPa
= w . —

Cluster 27
RFO 5.8 %

Cluster 28
RFO 1.1 %
COT 5.1 CTP 860.5 hPa

Cluster 29

RFO 8.1 %
COT 18.4 CTP 689.2 hPa
T

Cluster 30
RFO 1.2 %
COT 5.0 CTP 874.3 hPa

Cluster 31
RFO 1.4 %
COT41 CI'P8851hP

Cluster 32
RFO 1.1 %
COT87 CTP 827.1 hPa

Cluster 33
RFO 1.2 %
COT 16.1 CTP 783.0 hPa

Cluster 34
RFO 0.6 %
COT88 CTP 826.2 hPa

Cluster 35
RFO 1.1 %
COT67 CTP 805.4 hPa

Cluster 36
RFO 1.1 %
COT38 CI'P5441hP

Cluster 39
RFO 1.2 %
COT 12.7 CTP 787.7 hPa

Cluster 40
RFO 1.1 %
COT 4.9 CTP 510.7 hPa

Cluster 41
RFO 1.8 %
COT 15.1 CTP 411.2 hPa

Cluster 42
RFO 1.2 %
COT 5.3 CTP 864.3 hPa

Cluster 37
RFO 1.1 %
COT 5.1 CTP 815.5 hPa

Cluster 38
RFO 0.9 %
COT 7.4 CTP 692.5 hPa

Cluster 45 Cluster 46

Cluster 47
RFO 0.8 %
COT 4.1 CTP 717.4 hPa

Cluster 48
RFO 1.1 %
COT 4.5 CTP 874.2 hPa

Cluster 43

Cluster 44
RFO 3.5 %
COT 14.3 CTP 696.3 hPa

RFO 1.0 %
COT 7.8 CTP 823.5 hPa

RFO 3.6 %
COT 16.4 CTP 581.9 hPa

RFO 3.2 %
COT 9.5 CTP 783.3 hPa

Cluster 49
RFO 1.7 %
. ’ COT 5.8 CTP 387.6 hPa

Cluster 50
RFO 0.5 %
COT 12.7 CTP 797.1 hPa

COT 13.0 CTP 803.8 hPa

COT 18.6 CTP 713.4 hPa

COT 5.9 CTP 403.1 hPa
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Figure acquired from NASA Earth Observation
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Regional low cloud images
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Results & Dlscussmns
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Display 10 cloud images
closest to their centroid
In cluster on the subset
sea  Of ocean regions.
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e Cloud clusters generated from RICC separate satellite imagery into
diverse clusters in terms of their physical properties and patterns,
indicating that our algorithm identifies the rich information of cloud
patterns and textures in satellite observation.

e Example cloud images show coherent texture of clouds within the

cluster.

e Next attemptis to determlne the optimal number of clusters.
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[1] RICC paper is available in IEEE TGRS

T. Kurihana, E. Moyer, R. Willett, D. Gilton and I. Foster, "Data-Driven Cloud Clustering via a Rotationally Invariant
Autoencoder," in IEEE Transactions on Geoscience and Remote Sensing, doi: 10.1109/TGRS.2021.3098008.

!

¥

7




