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Polarimeter to Unify the Corona and Heliosphere

Data Processing for PUNCH
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Level 1 images are photometrically calibrated, precisely aligned images with instrumental artifacts corrected. To demonstrate PUNCH data reduction, we degraded and then processed data from STEREO/HI1 to show the PUNCH L1 processing.
For clarity, all visual effects are 10-40x stronger here than in actual PUNCH images. These processing steps are the same for both WFI and NFI.
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The L1 to L2 stage maps polarization to M,Z,P triplet polarizer brightnesses, then generates full PUNCH mosaics. Clear exposures (not shown) skip the (M,Z,P) step. The L2 to L3 stage removes background F corona (fixed in heliospheric coordinates) and
starfield (fixed in celestial coordinates), then generates B and pB products. Nearly all frames have no contamination.
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Levels 2 & 3

Resolve polarization using filter ratios Identify contaminated regions Resample to nominal coords Subtract F model Subtract stellar model Remix polarization
C. Level 3 Data Products PUNCH Data Products are polarized and clear photometric images suitable for analysis in common existing scientific environments D. End-To-End Data Flow

and with PUNCH-specific tools distributed by the project. Primary science products are shown.
Data Product 4 Dumps CSDS ata SDAC

Channels products

Wind speed plot

Polarized Images: PUNCH data are downlinked
M (-60°) and transferred to the MOC,
reduced (Panels A-C) at the
—— Z(0%) SOC, then mirrored to SDAC Code/Tool/Doc PUNCH Science Team
——— P (+60°) for archiving & dissemination. Repository Science Community

SOC software written in Python | (main at SwRI; :
DNNER e B and publicly accessible via mirror at SDAC) General Public
0 -5 0 5 10 pB SunPy/Github.
Solar X (Re)

: : : . : . . Clear inali
Extracted wind speed B/pBiclear mosaics every B/pB/clear NFI full-resolution B/pBiclear low-noise mosaics B/pBiclear low-noise NFI images SOC pipeline workflow orchestrated by Prefect. ﬁ CT
product (4k x 4k) 4 minutes (4k x 4k) images every 4 minutes (2k x 2Kk) every 32 minutes (4k x 4K) every 24 minutes (2k x 2Kk) Data & metadata flow managed with NDCube. " PREFE

Original figures and layout from PUNCH CSR
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For effectlve data analys:s by the PUNCH team and the broader community, PUNCH produces (A-C) and di:

A. Level 0 — Level 1 Pipeline Level 1 images are photometrically calibrated, precisely aligned images with instrumental artifacts corrected. To demonstrate |

For clarity, all visual effects are 10-40x stronger here than in actual PUNCH images. These processing steps are the same for
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B. Level 1 — Level 3 Pipeline The L1 to L2 stage maps polarization to M,Z,P triplet polarizer brightnesses, then generates full PUNCH mosaics. Clear expo:
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starfield (fixed in celestial coordinates), then generates B and pB products. Nearly all frames have no contamination.
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Pipeline and Products
. PUNCH produces (A-C) and disseminates (D) calibrated, simple-to-use data products and analysis tools.

s with instrumental artifacts corrected. To demonstrate PUNCH data reduction, we degraded and then processed data from STEREO/HI1 to show the PUNCH L1 processing.
INCH images. These processing steps are the same for both WFI and NFI.

) Destreaked Stray-light subtracted PSF deconvolved

via stray-light accumulated images
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from shutterless readout Remove stray light Correct PSF (subimage fmethod) Confirm pointing & projection via starfield

sses, then generates full PUNCH mosaics. Clear exposures (not shown) skip the (M,Z,P) step. The L2 to L3 stage removes background F corona (fixed in heliospheric coordinates) and
ucts. Nearly all frames have no contamination.
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% Community Package: RegularizePSF

Uncorrected Corrected

See Marcus Hughes's Poster on Supporting Packages
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Pipeline and Products
. PUNCH produces (A-C) and disseminates (D) calibrated, simple-to-use data products and analysis tools.

s with instrumental artifacts corrected. To demonstrate PUNCH data reduction, we degraded and then processed data from STEREO/HI1 to show the PUNCH L1 processing.
INCH images. These processing steps are the same for both WFI and NFI.

) Destreaked Stray-light subtracted PSF deconvolved

via stray-light accumulated images

Level 1: Aligned uniform imaging
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from shutterless readout Remove stray light Correct PSF (subimage fmethod) Confirm pointing & projection via starfield

sses, then generates full PUNCH mosaics. Clear exposures (not shown) skip the (M,Z,P) step. The L2 to L3 stage removes background F corona (fixed in heliospheric coordinates) and
ucts. Nearly all frames have no contamination.

Level 2: Quality-marked mosaics F-subtracted Starfield-subtracted Level 3: Background-subtracted
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Remove CCD artifacts (using nonlinear flat-field) Remove cosmic ray spikes Remove streaking from shutterless readout Remove stray |
B. Level 1 — Level 3 Pipeline The L1 to L2 stage maps polarization to M,Z,P triplet polarizer brightnesses, then generates full PUNCH mosaics. Clear e

starfield (fixed in celestial coordinates), then generates B and pB products. Nearly all frames have no contamination.

Level 1: Uniform imaging Polarization-resolved Quality-marked > Level 2: Quality-marked mosaics
(M,Z,P triplets) >

(native polarizer states) (M,Z,P triplets) (M,Z,P triplets)
WFI-1: WEFI-1: WEFI-1:
RIERZ RS M,Z,P
WFI-2:
P1,P2,P3

WFI-3:
P1,P2,P3

NFI:
P1,P2,P3

NFI
inner FOV:
M.ZP

O

Resolve polarization using filter ratios |dentify contaminated regions Resample to nominal coords Subtract F n

C. Level 3 Data Products PUNCH Data Products are polarized and clear photometric images suitable for analysis in common existing scientific envi
and with PUNCH-specific tools distributed by the project. Primary science products are shown.
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See Ritesh Patel’s Poster on Polarization Tools



Community Package: SolPolPy -
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™% Community Package: SolPolPy
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« WEFI field of view is so large that
sampled polarization angle
varies across field of view
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WEFI Longitude

See Ritesh Patel’s Poster on Polarization Tools



Remove CCD artifacts (using nonlinear flat-field) Remove cosmic ray spikes Remove streaking from shutterless readout Remove stray |
B. Level 1 — Level 3 Pipeline The L1 to L2 stage maps polarization to M,Z,P triplet polarizer brightnesses, then generates full PUNCH mosaics. Clear e

starfield (fixed in celestial coordinates), then generates B and pB products. Nearly all frames have no contamination.

Level 1: Uniform imaging Polarization-resolved Quality-marked > Level 2: Quality-marked mosaics
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Resolve polarization using filter ratios |dentify contaminated regions Resample to nominal coords Subtract F n

C. Level 3 Data Products PUNCH Data Products are polarized and clear photometric images suitable for analysis in common existing scientific envi
and with PUNCH-specific tools distributed by the project. Primary science products are shown.
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Bngl

ng from shutterless readout Remove stray light Correct PSF ( sub|mage ethod) Confirm pomtlng & projection via starfield

tnesses, then generates full PUNCH mosaics. Clear exposures (not shown) skip the (M,Z,P) step. The L2 to L3 stage removes background F corona (fixed in heliospheric coordinates) and
oducts. Nearly all frames have no contamination.

Level 2: Quality-marked mosaics F-subtracted > Starfield-subtracted Level 3: Background-subtracted
> (M,Z,P triplets) > (M,Z,P triplets) (M,Z,P triplets) —> mosaics (B,pB pairs)
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) nominal coords Subtract F model Subtract stellar model Remix polarization

suitable for analysis in common existing scientific environments
ience products are shown.

D. End-To-End Data Flow
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Polarimeter to Unify the Corona and Heliosphere

Data Pipeline, Analysis Tools, and Products
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NCHPipe handles SOC workflow R _
4 Key F‘OW Types Prefect Tasks: Query

filesystem for files

ready for processing

1 . SChedU‘er and add to flow table

Prefect Flow:
Scheduler Flow Flow info Prefect Task:
2 . I_a Uun Ch er (Raw — LO) and ’; Load raw file
parameters

Runs every minute
3 o CO re - P UN CH B OWI ) CCSDS Processing Steps

4. Process \
":i Write LO file
Two Key Databases profoct Task Query | | |

database for queued | | Prefect Flow:
Core Flow (Raw — L0)

1. Science Reduction Database (RDB)
Prefect Task: Launch Prefect Task: Update

. rea ows based on DB that processing is
2. Archive Database (ADB) ki i e

LO File stored in file
system

Prefect Flow:
(End of present Bloct o

Prefect Flow: Raw Processing Flow

’ P R E F EU Launcher Flow piocess) (Raw — L0)




PUNCHBowl is the science code
Python code used for: N[?ét?be Né’éff‘be
» Generating custom data
 Polarization analysis
Simulating data from models
Data handler: NSSL"be Né’ét?be

Seamlessly work with data ana
metadata

Create data ftiles, images, etc.

| FITS File / el

Displayed Figure files Quicklook uncertainty
figures mask /
WCS

Metadata
editor /
validator

Metadata

(dateobs,

data level,
etc)



Data Product Strategy

COMMENT
Data PrOdUCtS Ieverage beSt SIMPLE = conforms to FITS Standard

BITPIX = number of bits per pixel

® d d I NAXIS number of axes
practices and good examples NAXIS? - 204¢ length of the second ax:
= eng o e second axis
NAXIS3 = 5 length of the third axis
. R LONGSTRN= 'OGIP 1.0' | the OGIP long st;ing convention may be used

» Transparent & self-describing T o e e 7 S s

PROJECT = 'PUNCH' /
TITLE = 'PUNCH Level-1 WFI-1 Clear Image'
meta ata KEYVOCAB= 'Unified Astronomy Thesaurus Keywords'
KEYWORDS= 'Solar Corona (1483), Solar K Corona (2042), Solar F Corona (1991), &'
CONTINUE 'Solar Coronal Streamers (1486), Solar Coronal Plumes (2039), Solar &'
CONTINUE 'Wind (1534), Fast Solar Wind (1872), Slow Solar Wind (1873), Solar &'
® Fu ‘ ‘y Standa rds (FlTS 4 O) CONTINUE 'Coronal Mass Ejection (310), Heliosphere (711), Polarimetry (1278)'
° LICENSE = 'Creative Commons Attribution 4.0 International | CC BY 4.0'
COMMENT PUNCH Level-1 data, Calibrated instrumental units in camera coordinates
‘. COMMENT Documentation is available on the PUNCH website:
Com p Ia nt COMMENT https://punch.spaceops.swri.org and via the DOI referenced above (TBD)
COMMENT File Type and Provenance

FILENAME= 'PUNCH L1 P11 20220204134800 0.fits' / name of file
LEVEL 1 / product Level

’ [ ) [ ) [ ) — . . ] ’ .
e Uses FITS's multidimensional BESTEE = TugpoilecizeflFE dnsger Jl plin ferh chacmviion

LOPARENT= 'PUNCH LO P11 20220204134800 0.fits' / name of parent file
o [ PIPEVRSN= '1.2.3' / PUNCHPipe software version number

data capabilities to represent Fiam, Rame YBGMR 0_P11 2022020154000, D BLeen | mow sebemstny Ertenam

ORIGIN = 'SwRI' / institution responsible for creating the file
o o o COMMENT Temporal Information
po‘aﬂzahon unce rta|nty etc TIMESYS = 'UTC' / principal time system
/ / * DATE-BEG= '2022-02-03T00:00:36.72' / UTC time observation

DATE-OBS= '2022-02-03T00:00:36.73" / UTC reference time at observatory
DATE-END= '2022-02-03T00:00:36.73"'" / UTC time of observation end at observatory
DATE '2022-02-03T00:09:11.29' / UTC file generation date and time
COMMENT Instrument and Spacecraft State
WAVELNTH= [nm] average peak response
WAVEUNIT= 'nanometer' unit of observation measurement
FILTER = 'Clear' name of filter for observations
OBS-MODE= 'Unpolarized' image Mode (Unpolarized, Polar M, Z, or _P)
POLAR = 60 [deg] polarizer angle or fill value for clear
INSTRUME= 'WFI' instrument name
TELESCOP= 'PUNCH-1' satellite name
OBJECT = 'Heliosphere white light' / object observed




Sample Products Are Ready
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AMERA Model-derived Data ' s P ;
Products are now available

» Level-3 Mosaics (B/pB)

» Level-2 QuickPUNCH Space
Weather Products (Unpolarized)

* Get FITS files here:
http://tinyurl.com/PUNCH4Data
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Bngl
Br|g|
Bngl

aklng from shutterless readout Remove stray light Correct PSF ( sublmage ethod) Confirm pomtmg & projection via starfield

ghtnesses, then generates full PUNCH mosaics. Clear exposures (not shown) skip the (M,Z,P) step. The L2 to L3 stage removes background F corona (fixed in heliospheric coordinates) and
products. Nearly all frames have no contamination.

Level 2: Quality-marked mosaics F-subtracted Starfield-subtracted Level 3: Background-subtracted
—> (M,Z,P triplets) —> —> —>

(M,Z,P triplets) (M,Z,P triplets)

mosaics (B,pB pairs)

PUNCH PUNCH PUNCH
WEI-3: el it mosac. PUNCH mosaic:
MZP M,Z,P M,Z,P B,pB
|:
Z,P
NFI NFI NFI NFI -
inner FOV: inner FOV: inner FOV: IgneBr :
M.Z,P M,Z,P M.ZP P
> to nominal coords Subtract F model Subtract stellar model Remix polarization

es suitable for analysis in common existing scientific environments
' science products are shown.

& D. End-To-End Data Flow
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NFI
inner FOV:
MZP

Resolve polarization using filter ratios Identify contaminated regions Resample to nominal coords Subtract F model

C. Level 3 Data Products PUNCH Data Products are polarized and clear photometric images suitable for analysis in common existing scientific environments
and with PUNCH-specific tools distributed by the project. Primary science products are shown.

10 50 5

5 10
Solar X (Rg)
Extracted wind speed B/pB/clear mosaics every B/pB/clear NF| full-resolution B/pB/clear low-noise mosaics B/pB/clear low-noise NFI images
product (4k x 4k) 4 minutes (4k x 4k) images every 4 minutes (2k x 2k) every 32 minutes (4k x 4k) every 24 minutes (2k x 2k)

riginal figures and layout from PUNCH CSR




Polarimeter to Unify the Corona and Heliosphere

Space Weather Applications




QuickPUNCH Space Weather Products

Planned chkPUNCH Low-Latency Data Products

Dedicated Python
software generates
running difference &
F-corona-subtracted
images on the fly.

(Solar-Y)

Helioprojective latitude

Helioprojective Latitude

: u PR g o Analysis products are
T il Oo 10 a o - 2 FITS format. Quicklook

_5.000 O.OOO 5.000 ° '100 '50 OO 50 100 150 200

Helioprojective Longitude (Solar-X) Helioprojective longitude in JPEG & HeliOViewer-
Low-Latency WFI Mosaics Low-Latency NFI Images WF| & NFI F-Corona compatible JPEG2000.

5-80 Ro 5.4-32 Ro Background

Every 4 Minutes Every 4 Minutes Every 12 Hours Data available via
1024x1024 pixels 1024x1024 pixels Derived from preceding [PUNCH website as
~3 arcmin resolution ~1 arcmin resolution 1 month of data soon as generated.

Helioprojective longitude

See Don Schmit’'s Talk on QuickPUNCH



Can estimate line-of-sight distance to
CMEs using the polarization ratio.

Solar Radii
Solar Radii

mson Surface

Solar Radii

~

o ;iy-axis — sky plane)

Solar Radii
Height/solar radii

STEREO pB/B

Solar Radii
Solar Radii

5 10 15 ' -15 -10 -5 0 5
Solar Radii

x (x-axis — 1 AU)

Solar Radii

Sun — geometry.

See Matt West's poster on CME tracking with polarization
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Polarimeter to Unify the Corona and Heliosphere

What's Next?




NFI
inner FOV:
MZP

Resolve polarization using filter ratios Identify contaminated regions Resample to nominal coords Subtract F model

C. Level 3 Data Products PUNCH Data Products are polarized and clear photometric images suitable for analysis in common existing scientific environments
and with PUNCH-specific tools distributed by the project. Primary science products are shown.

10 50 5

5 10
Solar X (Rg)
Extracted wind speed B/pB/clear mosaics every B/pB/clear NF| full-resolution B/pB/clear low-noise mosaics B/pB/clear low-noise NFI images
product (4k x 4k) 4 minutes (4k x 4k) images every 4 minutes (2k x 2k) every 32 minutes (4k x 4k) every 24 minutes (2k x 2k)

riginal figures and layout from PUNCH CSR




Level 1

Levels 2 & 3

L3 Products

Level 0: Raw camera frame
(de- compressed only)

Level 1: Uniform imaging
(native polarizer states)
WFI-1:
P1,P2,P3
WFI-2:
P1,P2,P3

P1,P2,P3

NFI;
P1,P2,P3

Resolve polarization using filter ratios

C. Level 3 Data Products

Wind speed plot

M0 050 510
Solar X (Re)

Extracted wind speed
product (4k x 4k)

Original figures and layout from PUNCH CSR

Level 1 images are photometrically calibrated, precisely aligned images with instrumental artifacts corrected. To demonstrate PUNCH data reduction, we degraded and then processed data from STEREO/HI1 to show the PUNCH L1 processing.
For clarity, all visual effects are 10-40x stronger here than in actual PUNCH images. These processing steps are the same for both WFI and NFI.

Quartic-fit calibrated Cosmic-ray despiked Destreaked Stray-light subtracted
> Lking of spikes) P> P> i svay et

(standard technique) exploits non-streaking of spikes via stray-light accumulated images
5 : 5

PSF deconvolved —J» Level 1: Aligned uniform imaging
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The L1 to L2 stage maps polarization to M,Z,P triplet polarizer brightnesses, then generates full PUNCH mosaics. Clear exposures (not shown) skip the (M,Z,P) step. The L2 to L3 stage removes background F corona (fixed in heliospheric coordinates) and
starfield (fixed in celestial coordinates), then generates B and pB products. Nearly all frames have no contamination.

Quality-marked b Level 2: Quality-marked mosaics 5 F-subtracted 5
(M,Z,P triplets)

Starfield-subtracted | Level 3: Background-subtracted

Polarization-resolved ' . .
(M,Z,P triplets) mosaics (B,pB pairs)

(M ZP trlplets) (M ZP trlplets) (M,ZP tiplets)

. \:’\ ; PUNCH i’; PUNCH l
mosaic: 1 mosaic: mosaic: .
L, e gy MZP g vzp PUNCé-lpnéosalc.

B/pB/clear mosaics every
4 minutes (4k x 4k)

NFI : NFI : NFI NFI ov.
inner FOV: inner FOV: inner FOV: IIer%rF V:
M,Z,P M,Z,P [ | A P

Subtract stellar model Remix polarization

D. End-To-End Data Flow

Data Product y Dumps CSDS ata SDAC

Channels products

Identify contaminated regions Subtract F model

PUNCH Data Products are polarized and clear photometric images suitable for analysis in common existing scientific environments
and with PUNCH-specific tools distributed by the project. Primary science products are shown.

Resample to nominal coords

Polarized Images: PUNCH data are downlinked
M (-60°) and transferred to the MOC,
reduced (Panels A-C) at the
—Z(0") SOC, then mirrored to SDAC CcIJ:Se/Tog;I/Doc PUNCH Science Team
- ° for archiving & dissemination. epository : .
P (+60°) SOC software written in Python | (main at SwRI; Belelice Commtllmty
B and publicly accessible via mirror at SDAC) General Public

pB SunPy/Github.

Clear SOC pipeline workflow orchestrated by Prefect. ﬁ
Data & metadata flow managed with NDCube. " PREFECT

products
queries

B/pB/clear low-noise mosaics
every 32 minutes (4k x 4k)

B/pB/clear low-noise NFl images
every 24 minutes (2k x 2k)

B/pB/clear NFI full-resolution
images every 4 minutes (2k x 2k)



Nextup ~

Finish data product definitions

Develop more synthetic data: SiImPUNCH

Deploy data server and test product-archive interfaces
Complete CCSDS-to-Level-0 algorithms

Adding functionality to SolPolPy to support other
measurements/instruments

Continue work on tools to generate calibration data based on lab/field
observations

Developing polarization-based CME tracking tools
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» Data pipeline is running in test environment, key steps implemented
» Key community tools are available (or soon will be)

» SOC has made important progress on polarization and applications
* Synthetic Data Available Now: http://tinyurl.com/PUNCH4Data

Other SOC-related presentations and posters:

* Marcus Hughes: Community Software Packages (poster)

» Ritesh Patel: Polarization Tools (poster)

» Matt West: Tracking CMEs with Polarization (poster)

e Don Schmit (NOAA NCEI): NOAA's QuickPUNCH Project (talk)



Polarimeter to Unify the Corona and Heliosphere

We want to work with you!

Get in touch!

Data & Pipeline:
daniel.seaton@swri.org

Modeling, Polarization, SpWx Applications:
matthew.west@swri.org



