
Acceleration of Coronal Mass Ejection Plasma in the Low Corona as
Measured by the Citizen CATE Experiment

Matthew J Penn1,2, Robert Baer3, Donald Walter4, Michael Pierce5, Richard Gelderman6, Andrei Ursache7, David Elmore8,
Adrianna Mitchell9, Sarah Kovac10, Honor Hare11, Myles McKay12, Logan Jensen13, Zachary Watson14, Mike Conley15,

Lynn Powers16, Marianna Lazarova17, Joseph Wright18, David Young19, Fred Isberner20, C. Alexandra Hart21, N. R. Sheeley, Jr.22,
Debbie Penn23, Kate Allen-Penn23, Bruce Alder24, Ryan Alder24, Geri Hall-Conley15, David Gerdes25, Katherine Weber25,

Jeffrey Johnson25, Gerald Matzek25, Steven Somes25, Rob Sobnosky25, Robert McGowen26, Michael Meo26, Damani Proctor26,
Charlie Wessinger26, Jeannine Schilling26, Jay Kerr26, Alexander Beltzer-Sweeney27, Alex Falatoun27, David Higgins27,

Grady Boyce27, Jared Hettick27, Philip Blanco27, Scott Dixon27, Sepehr Ardebilianfard27, Pat Boyce27, Richard Lighthill28,
Denese Lighthill28, David Anderson29, Mine Anderson29, Thomas Schad8, Sonna Smith30, Declan Jensen30, Anthony Allen30,

Donavan Smith30, Gage Brandon30, Joe Earp31, Jane Earp31, Bob Blair31, Chuck F. Claver32, Jennifer A. Claver32,
Ryan H. Claver32, Danielle Hoops33, Esteban Rivera33, Llanee Gibson33, Martin Hiner33, Rein Lann33, Shaedyn Miller33,
Burton Briggs34, Karan Davis34, Brian Jackson34, Kaleb Kautzsch34, Wesley Sandidge34, Russell Lucas35, Duane Gregg16,
Julia Kamenetzky36, Tiffany Rivera36, Joe Shaw37, Bryan Scherrer37, Dylan Sandbak37, Richard McFate37, Wilson Harris37,

Zachery Brasier38, Stephen McNeil38, Jack Jensen39, Makai Jensen39, Mason Moore39, Alexandria Temple39,
Thomas Vanderhorst39, Richard Kautz40, Orion Bellorado41, LaVor R Jenkins41, Corey Pantuso41, Marley Carey41, Josh Byrnes41,

Kyle Scholtens41, Julian Web41, Brain Baker41, Katie Barngrover42, Drew Hathaway42, Kallen Smith42, Kellyn Chandler42,
Lydia Hinkle42, Ione Chandler42, Galen Gisler43, Jack Benner43, Madison Mas43, Maya Rogers43, Prescott Moore43,

Elijah Pelofske43, Stephen Gulley43, Beth Short43, Isabel Crooker43, Jennifer Hammock44, Katsina Cardenas44, Kateri Cardenas44,
Jennifer Wellman44, Mark Roy45, Joe Meyer45, Jalynne Brough45, Kameron Brough45, Tim Nelson45, Zack Nelson45,

Caleb Russell45, Theresa Bautz45, Eric Weitzel & Team46,
Michele Wistisen47, Shae Aagard47, Zachary Whipps47, Logan Neuroth47, Dawson Poste47, Connor Worthen47, Sanjay Gosain8,

Mark Steward8, Vanshita Gosain8, Ruchi Gosain8, Janet Jorgensen48, Eleanor Doucette48, Reba Doucette48, Elliott Iwen48,
Alexus Cochran48, James Stith49, Doug Scribner49, Austen Kenney49, Kolby Pisciotti49, Irene Pease50, Samuel Cynamon51,

Charles Cynamon51, Dawn Cynamon51, Bart Tolbert52, Jean A. Dupree52, Jeremy Weremeichik53, Nathan Pindell53,
Kristen Stives53, Thomas K Simacek52, Yolanta G Simacek52, Anne L. Simacek52, Wayne Boeck54, Andreea Boeck54,

Austin Ryan55, Gabriel Wierzorec55, Dimitri Klebe56, Bryan Costanza56, Arnie Cerny57, Trevor Schmale57, Tessa Hoffman57,
Sam Streeter57, Jack Erickson58, Michele McClellan58, Ella Erickson58, Brynn Brettell58, Savannah Shoffner58, Emilie McClellan58,
Julie VanVoorhis58, Cole Bramhall58, Daniel Stelly58, Bentley Bee58, Bruno Acevedo58, Madison Kroeger58, Ben Trumpenski58,

Nolan Sump59, Liam Brook59, Jagert Ernzen59, Jessica Lewis59, Ryan Maderak60, Charles Kennedy19, David Dembinski19,
Rita Wright61, Michael Foster62, Mohammad Ahmadbasir62, Monty Laycox62, James Foster62, Ethan Orr62, Ashley Staab62,

Angela Speck63, Sean Baldridge64, Lucy Kegley64, Jordan Bavlnka64, Thomas Ballew64, Bruce Callen65, Gregory Ojakangas65,
Mark Bremer66, Maryanne Angliongto66, Mark Redecker66, Chris Bremer66, Peggy Hill67, Michael Rodgers67, Jordan Duncan67,

Sam Fincher67, Ben Nielsen67, Samantha Hasler67, Taylor Shivelbine67, Tyler Howard67, Chris Midden68, Sean Patrick68,
Kerry Glenn68, Chris Mandrell3, Kyle Dawson3, Margaret Cortez3, Alyssa Levsky3, Dinuka Gallaba3, Mason Perrone3,

Jasmyn Taylor69, Padma A. Yanamandra-Fisher70, Howard Harper20, Lindsay Adams71, Michaela Springer71, BillyJoe Menard71,
Dylan Boggs71, Caitlin Lynch71, Jacob Watson71, Andi York71, David Matthews71, Kiley Brown71, Dylan Garrison71,

Jonathan Mangin72, Isaac Mangin72, Jennifer Birriel73, Ignacio Birriel73, Capp Yess73, Jesse Anderson73, Ethan Caudill73,
Allyn Smith74, Spencer Buckner74, Russ Longhurst74, Ben Fagan74, Christian Nations75, Jeffrey DiMatties76, Patricia Thompson77,
David Garrison7, Thomas Garrison78, William Garrison79, Mary Kidd80, Maria Baker80, Mary-Beth Ledford80, Amy Winebarger81,

Michael Freed82, Morgyn Church82, Jim Dickens82, Bob Anderson83, Ned Smith84, Lynne Dorsey84, Doug Justice84,
Daniel Zavala84, Zach Stockbridge85, Sean Brittain86, Stanley Jensen86, Harrison Leiendecker86, Erin Thompson86,

Michelle Deady87, Kelly Quinn-Hughes87, David Slimmer87, Valerie Granger88, Michael LaRoche88, Serena Hill LaRoche88,
Rachel Manspeaker88, Peter Nguyen88, Daniel Smith4, Jim Payne89, Jerry Zissett89, Arianna M. Roberts90, Gabrielle W. Roberts90,

Harrison Roberts91, Amy Riddle92, Corina Ursache93, and Elena Ursache93
1 Raytheon, 1151 E Hermans Rd, Tucson AZ 85756, USA

2 Tucson Amateur Astronomy Association, PO Box 41254, Tucson AZ 85717, USA
3 Department of Physics, Southern Illinois University Carbondale, Carbondale IL 62901, USA

4 Department of Biological and Physical Sciences, SCSU, Orangeburg SC 29115, USA
5 Department of Physics and Astronomy, University of Wyoming, Laramie WY 82071, USA

Publications of the Astronomical Society of the Pacific, 132:014201 (14pp), 2020 January https://doi.org/10.1088/1538-3873/ab558c
© 2019. The Astronomical Society of the Pacific. Printed in the U.S.A.

1

https://doi.org/10.1088/1538-3873/ab558c
https://crossmark.crossref.org/dialog/?doi=10.1088/1538-3873/ab558c&domain=pdf&date_stamp=2019-12-12
https://crossmark.crossref.org/dialog/?doi=10.1088/1538-3873/ab558c&domain=pdf&date_stamp=2019-12-12


6 Department of Physics and Astronomy, Western Kentucky University, Bowling Green KY 42101-1077, USA
7Mathworks, 1 Apple Hill Drive, Natick MA 01760, USA

8 National Solar Observatory, 3665 Discovery Dr, Boulder CO 80303, USA
9 Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, 125 Massachusetts Ave, Cambridge MA 02139, USA

10 Department of Astronomy, New Mexico State University, 1780 E University Ave, Las Cruces NM 88001, USA
11 University of Kentucky, Lexington KY 40506, USA

12 Department of Astronomy, Box 351580, University of Washington, Seattle WA 98195-1580, USA
13 School of Earth and Space Exploration, Arizona State University, Tempe AZ 85287, USA

14 HartSCI, 2002 N Forbes Blvd #102, Tucson AZ 85745, USA
15 1624 Pelican Ct NW, Salem, OR 97304, USA

16 Bridger Charter Academy, 205 N 11th Ave Bozeman MT 59715, USA
17 Department of Physics and Astronomy, University of Northern Colorado, 501 20th St. Greeley, CO 80639, USA

18 National Sharing the Sky Foundation, Inc, 28019 NE 177th St., Lawson, MO 64062, USA
19 Astronomical Society of Kansas City, PO Box 400, Blue Springs MO 64013, USA

20 Astronomical Association of Southern Illinois, PO Box 874 Carbondale, IL 62903, USA
21 Division of Cancer Sciences, University of Manchester, Manchester, M20 4GJ, UK

22 Space Science Division, Naval Research Laboratory, Washington DC 20375-5353, USA
23 Vail Unified School District, 13801 E Benson Hwy, Vail AZ 85641, USA

24 Heart of the Valley Astronomers,1600 Amphitheatre Pkwy, Mountain View, CA 94043-1351, USA
25 Department of Physics, University of Michigan, 450 Church St. Ann Arbor MI 48109, USA

26 Rose City Astronomers, 1945 Water Ave, Portland OR 97214, USA
27 Boyce Research Initiatives and Education Foundation, 3540 Carleton St, San Diego, CA 92106, USA

28 PO Box 2172, 16093 Burgess Rd, La Pine, OR 97739, USA
29 McGraw-Hill Education, 12701 NE 9th Place #D-101, Bellevue, WA 98005-3238, USA

30 Grant Union High School, 911 S Canyon Blvd, John Day OR 97845, USA
31 3055 Kincaid St, Eugene OR 97405, USA

32 Large Synoptic Survey Telescope, 950 N Cherry Av, Tucson AZ 85719, USA
33 Weiser High School, 690 W Indianhead Rd, Weiser ID 83672, USA

34 Department of Physics, Boise State University, 1910 W University Dr. Boise ID 83725, USA
35 103 Hwy 2 East, Columbia Falls, MT 59912, USA

36 Department of Physics, Westminster College, 1840 1300E, Salt Lake City, Utah 84105, USA
37 Department of Physics, Montana State University, PO Box 173840 Bozeman MT 59717-3840, USA
38 Department of Physics, Brigham Young University Idaho, 525 S Center St., Rexburg, ID 83460, USA

39 Teton High School, 555 E Ross Ave Driggs ID 83422, USA
40 National Institute of Standards and Technology, 325 Broadway, Boulder, CO 80305, USA

41 Jackson Hole High School, 1910 High School Rd, Jackson WY 83001, USA
42 Dubois High School, 700 N 1st St, Dubois WY 82513, USA

43 Los Alamos High School, 1300 Diamond Dr, Los Alamos NM 87544, USA
44 Fremont County School District 38, 445 Little Wind River Bottom Rd, Arapahoe, WY 82510, USA

45 Lander Valley High School, 350 Baldwin Creek Rd Lander WY 82520, USA
46 Albany County School District #1, 1948 Grand Ave, Laramie, WY 82070, USA
47 Pathways Innovation Center, 3000 Independence Court, Casper WY 82604, USA

48 Harlem High School, 610 1st Ave SE Harlem MT 59526, USA
49 Newcastle High School, 116 Casper Ave, Newcastle WY 82701, USA

50 Amateur Astronomers Association of New York, Equitable Life Building, 120 Broadway, New York, NY 10271, USA
51 Howard Astronomical League of Central Maryland Inc, PO Box 1647 Ellicott City, MD 21041, USA

52 Unaffiliated; bart@shaggyhillsranch.com, t_simacek@hotmail.com
53 Department of Physical & Life Sciences, Chadron State College, 1000 Main St Chadron NE 69337, USA

54 Omaha Astronomical Society, PO Box 34703, Omaha, NE 68134-0703, USA
55 University of Nebraska Kearney, 2504 9th Ave Kearney NE 68849, USA

56 National Space Science & Technology Institute, 7150 Campus Dr, Suite 365, Colorado Springs, CO 80920, USA
57 Beatrice High School, 600 Orange Blvd, Beatrice NE 68310, USA

58 Cienega High School, 12775 E Mary Ann Cleveland Way, Vail AZ 85641, USA
59 Hiawatha High School, 600 Red Hawk Dr, Hiawatha, KS 66434, USA

60 Department of Physics and Astronomy, Benedictine College, 1020 North 2nd St, Atchison, KS 66002, USA
61 National Sharing the Sky Foundation, Inc. 28019 NE 177th St., Lawson, MO 64062, USA

62 School of Geoscience, Physica and Safety, University of Central Missouri, 108 W South St, Warrensburg MO 64093, USA
63 Department of Physics and Astronomy, University of Texas San Antonio, 1 UTSA Circle, San Antonio, TX 78249, USA
64 Department of Physics and Astronomy, 223 Physics Bldg., University of Missouri, Columbia MO 65211-7010, USA

65 Department of Physics and Chemistry, Drury University, 900 N Benton Av, Springfield MO 65802, USA
66 School of Math, Physics and Technology, Jefferson College, 1000 Viking Dr, Hillsboro, MO 63050, USA

67 Department of Chemistry and Physics, Southeast Missouri State University, 1 University Plaza, Cape Girardeau, MO 63701, USA
68 Unity Point Elementary School, 4033 S Illinois Av, Carbondale IL 62903, USA

69 Carbondale Community High School, 1301 E Walnut St, Carbondale IL 62901, USA
70 Space Science Institute, 4750 Walnut St Suite 205 Boulder CO 80301, USA

71 Gallatin County Unit School District 7, 5175 Highway 13, Junction IL 62954, USA
72 Meade County High School, 938 Old State Road, Brandeburg, KY 40108, USA

73 Department of Physics, Earth Science and Space Systems Engineering, Morehead State University, 150 University Blvd, Morehead KY 40351, USA
74 Austin Peay State University, 601 College St, Clarksville TN 37044, USA
75 Hopkinsville High School, 430 Koffman Dr, Hopkinsville KY 42240, USA

2

Publications of the Astronomical Society of the Pacific, 132:014201 (14pp), 2020 January Penn et al.

mailto:bart@shaggyhillsranch.com
mailto:t_simacek@hotmail.com


76 Freedom Elementary School, 831 North Dr, Hopkinsville KY 42240, USA
77 Khoury College of Computer Sciences, Northeastern University, 360 Huntington Ave, Boston MA 02115, USA

78 Carnegie Mellon University, 5000 Forbes Ave., Pittsburgh PA 15213, USA
79 Newton South Hill School, 140 Brandeis Rd, Newton Centre, MA 02459, USA

80 Department of Physics, Tennessee Tech, Cookeville TN, USA
81 NASA Marshall Space Flight Center, ST13, Huntsville AL 35812, USA

82 Department of Physics, Radford University, PO Box 6983, Radford VA 24142, USA
83 Green Bank Observatory, PO Box 2, Green Bank, WV 24944, USA
84 Sequoyah High School, 3128 US-411, Madisonville TN 37354, USA

85 Southwestern Community College, 447 College Drive, Sylva, NC 28779, USA
86 Department of Physics and Astronomy, Clemson University, Clemson SC 29631, USA

87 Information Technology Services, Lander University, 320 Stanley Ave, Greenwood SC 29649, USA
88 Department of Mathematics, Coker University, 300 E College Ave, Hartsville SC 29550, USA
89 Orangeburg-Calhoun Technical College, 3250 St Matthews Rd, Orangeburg, SC 29118, USA

90 Acton Boxborough Regional High School, 36 Charter Rd, Acton MA 01720, USA
91 Aspen Technology Inc, 20 Crosby Dr, Bedford MA 01730, USA

92 Nashoba Brooks School, 200 Strawberry Hill Rd Concord MA 01742, USA
93 Advanced Math and Science Academy Charter School, 201 Forest St., Marlborough MA 01752, USA

Received 2019 September 18; accepted 2019 November 8; published 2019 December 12

Abstract

The citizen Continental-America Telescopic Eclipse (CATE) Experiment was a new type of citizen science
experiment designed to capture a time sequence of white-light coronal observations during totality from 17:16 to
18:48 UT on 2017 August 21. Using identical instruments the CATE group imaged the inner corona from 1 to 2.1
RSun with 1 43 pixels at a cadence of 2.1 s. A slow coronal mass ejection (CME) started on the SW limb of the
Sun before the total eclipse began. An analysis of CATE data from 17:22 to 17:39 UT maps the spatial distribution
of coronal flow velocities from about 1.2 to 2.1 RSun, and shows the CME material accelerates from about 0 to
200 km s−1 across this part of the corona. This CME is observed by LASCO C2 at 3.1–13 RSun with a constant
speed of 254 km s−1. The CATE and LASCO observations are not fit by either constant acceleration nor spatially
uniform velocity change, and so the CME acceleration mechanism must produce variable acceleration in this
region of the corona.

Key words: Sun: corona – Sun: coronal mass ejections (CMEs)

1. Introduction

The inner corona is notoriously difficult to study, but it is the
region where coronal mass ejections (CMEs) are accelerated.
Space-based observations of CMEs using Thompson scattered
white-light data are limited to heights above 3.1 RSun, and here
CME material usually shows a constant speed or deceleration
(Sheeley et al. 1999). Measurements in the inner corona can be
made using narrowband filter images or X-ray imaging
(Alexander et al. 2002; Gallagher et al. 2003; Reva et al.
2017; Seaton & Darnel 2018), but these observations are
usually limited to large, rapid CMEs and may be biased by the
temperature response of the particular observed radiation.
Ground-based observations have been made in white-light (St.
Cyr et al. 1999; Mancuso 2007) but these are limited by the
higher scattered light background produced by the Earth’s
atmosphere, and have lower spatial resolution than space-based
observations of the region (Elmore et al. 2003). In all cases

spatial features of the CME (usually the leading edge) are
tracked through an image sequence, and the kinetics of the
eruption are inferred from the resulting time–height graph and
its derivatives.
White-light observations during a total solar eclipse provide

another opportunity to measure the acceleration of CMEs in the
inner corona. The likelihood of a CME happening during any
total eclipse is low, but CMEs did occur in both the 2008 and
2012 total solar eclipses (Pasachoff et al. 2009, 2015). The
2017 total solar eclipse presented a unique opportunity
(Hudson et al. 2011), and the Citizen Continental-America
Telescopic Eclipse (CATE) Experiment was developed to
exploit this opportunity (Penn et al. 2017). The experiment
provided identical sets of equipment to a diverse set of trained
volunteer observers and collected a long time-sequence of
white light images of the inner corona.
We describe in detail the Citizen CATE Experiment and

discuss the CME acceleration measurements provided by a
selection of the data. In Section 2 we discuss the instrumenta-
tion used in CATE. Section 3 describes the creation of the
volunteer network and Section 4 outlines the training program
for these volunteers. In Section 5 we discuss the performance

Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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of the CATE network on the day of the eclipse, and in
Section 6 we describe the resulting CATE data set and the
CME acceleration measurements.

2. CATE Instrument

The CATE instrument was assembled from off-the-shelf
components, and an effort was made to minimize the cost of the
instrument and to make sure that it was fully portable, while
still meeting the science goals of the experiment. In total, the
CATE equipment for each site cost roughly US $3500. This
cost was reduced for most sites through corporate contribu-
tions. We discuss the details of the equipment here for those
who may wish to duplicate or improve upon it.

2.1. A Telescope and Filters

The CATE telescope was manufactured by Daystar Filters,
LLC; and Daystar donated 60 telescopes to the project. The
telescope is an 80 mm aperture refractor with an extremely low
dispersion (ED) doublet primary lens. The focal length was
500 mm, producing an f/6.25 system. The optical tube
assembly (OTA) included a 2″ rack and pinon Crayford
focuser with rack and pinion assist and a locking screw. A 2″ to
1 25 converter and a Baader C-mount to 1 25 camera adapter
were used to insert the CATE camera at prime focus. The OTA
was mounted into the telescope mount with a dovetail foot
plate. For observations during the partial phase of the eclipse, a
full-aperture white light solar filter from Thousand Oaks
(S4250) was used at all sites. Several of these filters were cross-
calibrated with the same OTA/camera system.

The ED doublet was found to have some chromatic
aberration. To minimize this, two color filters were introduced
into the beam. A Yellow #12 and an IR Blocking filter
(IRBF1) from High Point Scientific were purchased to limit the
effective transmission between 480 and 680 nm. Both filters
were 1 25 and were threaded into the camera adapter.

2.2. Telescope Mount and Tracking Drive

The CATE sites used German Equatorial mounts during the
eclipse. In particular, a CG4 tripod mount from Celestron, Inc
was used; Celestron donated 60 of these mounts to the CATE
project. With the CATE OTA and camera system, only a small
counterweight was needed to balance the system. On the CG4 a
small Televue solar pointer was mounted at the location for the
decl. drive, and the R.A. motor from the CG4 dual axis motor
drive kit was installed on all the mounts to track the Sun during
the eclipse. The R.A. motor was powered with 4 D-cell batteries.
The R.A. motor control box allowed the CATE volunteers to
make fine pointing adjustments in R.A., while a slow motion
manual control was used to make pointing adjustments in decl.

2.3. CMOS Camera

In the years leading up to 2017, different cameras were
examined to determine which would be an optimal choice for
the CATE project. The camera FOV, pixel size and cost were
considered. In 2016 the Point Grey Grasshopper USB3 5 Mpix
monochrome camera model GS3-U3-51S5M-C was used at
several sites in Indonesia. The detector, a Sony IMX250
CMOS array with a global reset was found to be superior to the
array used in the 2015 Faroe Islands eclipse project (Penn et al.
2017). The camera was the most expensive element of the
CATE instrument, and unfortunately no corporate sponsor was
found to provide the camera. The CATE camera transferred
data to a control laptop computer along a USB3 cable, and was
also powered by the laptop using the USB3 port. Camera
parameters including camera temperature were monitored, and
camera communications including exposure control for the
calibration images were sent along the USB3 line.

2.4. Arduino

As in the 2016 Indonesian eclipse, a hardware exposure
control signal was provided to the camera through the GPIO
port for the observations taken during totality. A set of 8
exposures (0.4, 1.3, 4.0, 13, 40, 130, 400 and 1300 ms) was
used during the totality sequences, although at many sites the
whole camera FOV was saturated in the 1300 ms exposure.
In addition to providing a hardware exposure trigger, the

CATE Arduino packages also contained a Global Positioning
System (GPS) timing board from ITEAD Royal Tek, model
number IM120417017, along with a GPS antenna from Banana
Robotics, model number BR010312. The GPS board was
mounted in the Arduino Box and connected to the Arduino
Uno Rev 3 CPU card. The MathWorks MATLAB SolarEclip-
seApp software package communicated with the GPS board
and data strings received from the board were relayed to the
control laptop via the USB2 cable. During the calibration
procedures, the Arduino passed GPS strings from this board to
the CATE laptop for two purposes: (1) the GPS location of the
observing site was recorded, and (2) the GPS timing
information was compared with the laptop timing so that the
start time of each exposure from all the CATE sites could be
converted to a uniform GPS time.
The Arduino operated on power from the CATE laptop using

a USB2 cable. The GPIO cable interface to the Arduino digital
output pins was custom made for all the CATE sites, and the
Arduino packages were installed into modified Arduino project
boxes.

2.5. Laptop

The CATE laptops were required to run the operation software,
power the CATE camera and Arduino, and store and backup the
CATE data, while operating on only battery power if necessary.
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At least one USB3 port was needed to communicate with the
CATE camera. Enough RAM was needed to support the data
collection software and enough processing power was required to
provide some near real-time display capability while the camera
data was being written to disk. A backlit keyboard was preferred
to help users needing to type during the dark conditions at totality.
The disk write access speed needed to be fast enough so as to not
limit the data collection, and finally all of this needed to cost very
little, since unfortunately no corporate sponsors were found to
supply laptops to the project.

A laptop from Acer (Aspire E15 E5-575G-527J) was found
to satisfy most of these requirements. It included a dual-core
Intel i5 processor running at 3.1 GHz, operated at 64 bits, and
included a solid state drive which had data write speeds that
were faster than other laptops without solid state drives. The
laptops were augmented with a second 8 Gb RAM card
(Ballistix BLS8G4S240FSD) bringing the total laptop RAM up
to 16 GB. The laptops used Windows 10 operating system.

2.6. Software

The CATE calibration and data collection procedures were
written in MATLAB, by Mathworks, Inc. Mathworks was a
CATE corporate sponsor and donated software, funds and
licenses for CATE volunteers; additionally, three CATE
volunteer observers were Mathworks employees.

Following the 2016 Indonesian eclipse, a brainstorming session
was held where the software used during the 2016 eclipse was
evaluated, and ideas for a better software package were developed.
Key issues were identified, including the difficulty of using the
Indonesian GPS package and the focus problems at several
Indonesian sites, and particular strategies were developed to
minimize these problems for the 2017 eclipse.

The 2017 MATLAB software package presented each
volunteer with a graphical user interface (GUI) on which
several tabs could be selected. These tabs stepped sequentially
through the GPS Data collection, Instrument Setup, Alignment,
Focus, Calibration and Totality observations procedures. The
GUI enabled multi-threading to utilize both laptop processing
cores. A more complete description of each of these steps is
presented in Section 4.1 below.

2.7. Miscellaneous

In addition to these main components, the equipment at each
CATE site included a few miscellaneous components. During
several tests in the summer in Tucson, when the telescope was
taking sky flats and the camera body was exposed to direct
sunlight, the camera temperature reached 76°C. Communica-
tion between the camera and the laptop was lost as the camera
overheated, exceeding its 50°C maximum recommended
operating temperature. A small battery-powered cooling fan
was mounted on the CG4 tripod blowing air across the camera

body. More than 10°C of cooling was achieved this way and
allowed stable camera operation.
For 2017 eclipse observing locations lacking a power source,

the CATE equipment was designed to run for 3 hr on laptop
batteries, however several volunteers used external battery
power sources to avoid any trouble caused by low battery
power on the CATE laptop.
Finally, in order to backup the files immediately after

totality, each site was equipped with two USB memory sticks
with at least 16 GB capacity each. Two backup copies of the
calibration and science data were made directly after totality at
each site using these sticks.

3. CATE Volunteer Network

The Citizen CATE Experiment was made possible only
through volunteer contributions. The volunteer group was
structured into three categories: the CATE site volunteers who
would collect eclipse data on August 21 (see Table 1), the CATE
state coordinators who identified and coordinated the site
volunteers in each state along the path of totality, and the CATE
trainers, who helped to develop the CATE observing protocol and
then educated the CATE site volunteers and provided feedback to
them during pre-eclipse testing. Often a particular individual filled
more than one role in the CATE team.

3.1. State Coordinators

A set of coordinators was identified, one from each state
crossed by the 2017 path of totality. Faculty mentors from the
universities participating in the 2016 eclipse formed the core of
this group of state coordinators and organized efforts in
Wyoming, Illinois, Kentucky and South Carolina. To this core
group individuals from Oregon, Idaho, Nebraska, Missouri,
and Tennessee were added to build a group of nine CATE state
coordinators. These coordinators included additional university
faculty, high school teachers and amateur astronomers, and
they participated voluntarily in the program. Frequent meetings
of the state coordinators were held with teleconferencing, and
these state coordinators then met with the CATE site volunteers
via phone, teleconference or in-person. The state coordinators
and trainers provided input into the CATE equipment selection,
software control and data analysis.

3.2. Observing Location Selection

Initially a set of observing locations for the 2017 eclipse was
determined using an equally spaced set of locations across the
path of totality from the Pacific to Atlantic coasts. Google maps
was used to identify school or park locations with easy access
that were close to the centerline at the desired spacing. During a
second round of analysis the local times for the eclipse contacts
were used to determine if the site locations needed to be
adjusted. These second-level sites were then presented as
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Table 1
CATE Network Sites

Site Predicted Start Predicted End Approx. Location Approx. Long. Approx. Lat.

cate17-001 17:16:06 17:18:04 Lincoln County, OR −123.87 44.83
cate17-002 17:17:20 17:19:15 Salem, OR −123.03 44.93
cate17-002b 17:17:33 17:19:32 Jordan, OR −122.72 44.70
cate17-003 17:18:16 17:20:17 Detroit, OR −122.17 44.72
cate17-004 17:19:35 17:21:38 Madras, OR −121.14 44.67
cate17-005 17:20:59 17:23:01 Fossil, OR −120.15 44.73
cate17-006 17:22:20 17:24:20 Mt Vernon, OR −119.08 44.41
cate17-006b 17:22:30 17:24:28 Canyon City, OR −118.96 44.38
cate17-007 17:23:00 17:25:07 Prairie City, OR −118.62 44.58
cate17-008 17:24:24 17:26:33 Malheur County, OR −117.59 44.42
cate17-000 17:25:17 17:27:23 Weiser, ID −116.97 44.26
cate17-000b 17:25:17 17:27:23 Weiser, ID −116.97 44.26
cate17-009 17:25:17 17:27:23 Weiser, ID −116.97 44.26
cate17-010 17:26:46 17:28:50 Crouch, ID −115.97 44.12
cate17-011 17:28:23 17:30:36 Stanley, ID −114.88 44.14
cate17-012 17:30:20 17:32:33 MacKay, ID −113.61 43.91
cate17-013 17:31:18 17:33:28 Howe, ID −113.00 43.78
cate17-012b 17:32:56 17:35:13 Annis, ID −111.97 43.75
cate17-014 17:33:05 17:35:22 Rexburg, ID −111.88 43.82
cate17-015 17:34:26 17:36:37 Tetonia, ID −111.10 43.82
cate17-p001 17:34:26 17:36:39 Clawson, ID −111.08 43.79
cate17-016 17:35:18 17:37:37 Kelly, WY −110.53 43.63
cate17-017 17:36:51 17:39:08 Dubois, WY −109.62 43.54
cate17-018 17:38:19 17:40:40 Fremont County, WY −108.76 43.20
cate17-018b 17:38:58 17:40:59 Arapahoe, WY −108.49 42.96
cate17-019 17:39:06 17:41:19 Riverton, WY −108.35 43.01
cate17-020 17:40:48 17:43:10 Arminto, WY −107.34 43.11
cate17-021 17:42:35 17:45:01 Casper, WY −106.35 42.81
cate17-022 17:42:39 17:45:04 Casper, WY −106.32 42.85
cate17-023b 17:45:09 17:47:36 Glendo, WY −104.98 42.47
cate17-023 17:45:42 17:47:59 Guernsey, WY −104.76 42.29
cate17-022b 17:46:18 17:48:46 Jay Em, WY −104.36 42.46
cate17-024 17:47:33 17:49:55 Agate, NE −103.73 42.42
cate17-025 17:48:56 17:51:26 Alliance, NE −103.01 42.12
cate17-026 17:51:30 17:54:02 Hyannis, NE −101.73 41.78
cate17-027 17:53:26 17:55:59 Tryon, NE −100.79 41.52
cate17-028 17:55:47 17:58:13 Broken Bow, NE −99.64 41.40
cate17-029 17:57:33 18:00:08 Ravenna, NE −98.83 40.99
cate17-030 17:59:44 18:02:18 Sutton, NE −97.85 40.61
cate17-031 18:02:17 18:04:52 Beatrice, NE −96.71 40.25
cate17-032 18:03:32 18:06:08 Pawnee City, NE −96.15 40.11
cate17-033 18:05:02 18:07:36 Hiawatha, KS −95.52 39.85
cate17-034 18:05:38 18:07:21 Atchison, KS −95.56 39.56
cate17-035 18:08:01 18:10:36 Lawson, MO −94.24 39.41
cate17-036 18:10:27 18:13:06 Marshall, MO −93.17 39.11
cate17-037 18:12:20 18:14:58 Columbia, MO −92.34 38.93
cate17-038 18:14:34 18:17:02 Hermann, MO −91.41 38.70
cate17-039 18:16:44 18:19:22 Hillsboro, MO −90.55 38.26
cate17-040 18:18:35 18:21:15 McBride, MO −89.86 37.86
cate17-040b 18:20:03 18:22:39 Union Country, IL −89.34 37.55
cate17-041 18:20:02 18:22:40 Carbondale, IL −89.25 37.70
cate17-p002 18:20:06 18:22:44 Carbondale, IL −89.21 37.71
cate17-042 18:20:17 18:22:57 Makanda, IL −89.18 37.60
cate17-042b 18:21:58 18:24:37 Golconda, IL −88.51 37.36
cate17-043 18:22:24 18:25:04 Burna, KY −88.37 37.23
cate17-044 18:24:52 18:27:32 Hopkinsville, KY −87.43 36.81
cate17-044 c 18:24:55 18:27:34 Hopkinsville, KY −87.41 36.82
cate17-044b 18:25:39 18:28:17 Guthrie, KY −87.16 36.64
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suggestions to the CATE state coordinators. The coordinators
used their knowledge of the locations, local weather patterns,
and the experience of their site volunteers to refine the CATE
observing sites a third time. With this optimal set of locations,
the CATE coordinators and site volunteers then attempted to
get permission to use these sites during the day of the eclipse;
some of the sites were relocated a fourth and final time
depending on the ability of the volunteers to observe from the
area. Using this iterative procedure, the CATE observing sites
were established using local knowledge to maximize the
likelihood of obtaining excellent eclipse observations.

4. CATE Observing Procedures and Training
Program

The CATE training program for the 2017 eclipse built on
progress made through observations and training carried out
over the previous two years. An initial observation guide was
developed for the 2015 March 28 eclipse where the first CATE
volunteer traveled to the Vagar airport in the Faroe Islands to
collect coronal data using a CATE prototype telescope system.
The trip was a proof of concept that a dedicated volunteer with
no previous astrophotography experience could be trained on
the Citizen CATE observation procedures in a relatively short
period of time and successfully gather coronal data during a
total solar eclipse. Despite poor site conditions with rain and
clouds, 800 frames of calibration data during the partial phases
of the eclipse as well as 37 images of the inner corona during
totality were collected.

Procedures were further refined leading up to the 2016
eclipse when four student and mentor teams from CATE
partner institutions at the University of Wyoming, Southern

Illinois University Carbondale, Western Kentucky University,
and South Carolina State University observed the 2016 March
9 total solar eclipse from 4 ground locations in Indonesia. A
fifth volunteer team observed the eclipse from a cruise ship.
The students had attended training prior to the trip and
practiced with their mentor and observation teams at their home
institutions. The groups used a MATLAB Solar Eclipse
Application developed in cooperation with MathWorks. The
experience gained in Indonesia by the teams proved critical in
training the students and mentors as this was the first eclipse for
each of the ground based teams. Four out of the five sites were
able to collect eclipse data with one site being clouded out. The
observations allowed teams to test the observing procedure and
provide valuable feedback that was integrated into the
procedures for the 2017 eclipse event.

4.1. Procedure

Solar and lunar observation procedures were designed in
order to give the CATE 2017 volunteers a basic understanding
of equipment and an introduction to the procedure at
workshops held in several states across the path of totality.
The procedure served as a guide for all practice sessions and
ultimately the observations during eclipse. Procedures were
split into five sections: Setup, Preliminary Data, Eclipse, Data
Backup and Quick look. Throughout the procedures, the
amount of time allotted for each task was listed as a guideline
to keep volunteers on schedule so they were prepared to take
totality data at the time of the eclipse. With perfect sky
conditions and no instrument problems, the procedure took
approximately 2.5 hr to perform.

Table 1
(Continued)

Site Predicted Start Predicted End Approx. Location Approx. Long. Approx. Lat.

cate17-045 18:26:14 18:28:53 Adairville, KY −86.85 36.67
cate17-047b 18:27:31 18:29:08 Nashville, TN −86.83 36.12
cate17-046 18:28:03 18:30:41 Hartsville, TN −86.16 36.38
cate17-047 18:29:43 18:32:15 Cookeville, TN −85.50 36.17
cate17-048 18:31:47 18:34:26 Spring City, TN −84.80 35.67
cate17-049 18:32:58 18:35:34 Madisonville, TN −84.31 35.54
cate17-050 18:34:27 18:37:05 Andrews, NC −83.81 35.20
cate17-051 18:37:12 18:39:49 Clemson, SC −82.83 34.67
cate17-052 18:39:20 18:41:48 Greenwood, SC −82.16 34.20
cate17-053 18:41:29 18:44:04 Lexington, SC −81.20 33.98
cate17-054 18:43:03 18:45:27 Orangeburg, SC −80.84 33.49
cate17-055 18:44:31 18:47:06 Cross, SC −80.13 33.38
cate17-055b 18:46:27 18:48:25 Isle of Palms, SC −79.77 32.79
cate17-056 18:46:11 18:48:45 Bulls Bay, SC −79.56 33.03

Note. The six sites used in the present analysis of the CME outflow are shown in bold text. Sites with cloudy conditions or instrumental difficulty are shown in italics.
Predicted lunar limb corrected totality start (C2) and end (C3) times are shown (Jubier 2017). Truncated latitude and longitude coordinates are shown for reasons of
privacy, and may be up to 1 km away from actual CATE observing site.
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4.1.1. Setup

Volunteers started by first setting up and leveling the
Celestron CG-4 GEM tripod and aligning the mount. They
were instructed how to align the telescope using the Rackley
Method (Rackley 2017) as well as a more traditional method of
day time alignment with a compass, taking into account
magnetic north deviation for their location. Cameras were
installed with a procedure so that the camera rotation was
similar among all the sites, accounting for which sites observed
from different sides of the polar axis. Volunteers balanced the
mount, turned on tracking, connected all equipment, and set the
initial focus before the MATLAB Solar Eclipse App was
started.

4.1.2. GPS

Tabs at the top of the Solar Eclipse App guided volunteers
through each step of the observation. In the first tab, the user
would verify the GPS card in the Arduino electronics box was
connected and passing data to the computer properly. The user
then collected a two-minute sequence of GPS data, which
recorded time and location. Finally, a second tests was run to
verify that the Arduino electronics box was sending the proper
timing strobes to the camera hardware trigger input.

4.1.3. Alignment

The Alignment tab allowed volunteers to set the exposure
value so they could clearly see the solar disk through the ND
filter without oversaturating, and then center the Sun in the
camera frame using a combination reticle of a crosshair and a
circle that matched the solar diameter. Volunteers first centered
the image, and then fine-tuned the camera rotation by observing
the image movement on the CATE camera while R.A. or decl.
adjustments are made. Proper rotation was achieved when the
image moved horizontally when the R.A. screw was adjusted
and vertically when the decl. screw was adjusted.

The volunteers then used the live solar image to adjust the
polar axis of the CG-4 mount. Fine adjustment of the polar
alignment is accomplished by going to the Focus tab and
observing the drift of the solar limb or a sunspot. This tab
allowed volunteers to zoom in on a region of interest (ROI) and
observe small image drifts. Because the R.A. drive tracked at a
standard sidereal rate, proper motion of the Sun would result in
an eastward drift of about 0 04 per second (about 0.03 pixels
per second). Volunteers were asked to adjust the mount until
the drift was less than 1 2 per second (about 1 pixels per 1.3 s)
to ensure minimal image smearing for the longest exposures
planned for the totality phase of the eclipse.

After the volunteers completed the camera rotation and polar
axis alignment steps, they were asked to take two data sets to
quantify their alignment results. First, a sequence of 100
images (one image per second) was recorded with the mount

R.A. tracking running to determine polar alignment accuracy.
A second sequence of 100 images was recorded with the R.A.
tracking off to determine the direction of geocentric west on the
camera pixels in order to test the accuracy of the camera
rotation. This data was analyzed during practice sessions to
provide support to the CATE teams, and were analyzed on the
day of the eclipse as a data quality indicator.

4.1.4. Focus

The next setup step was to finely adjust the telescope focus.
This was done by observing a ROI (typically on the lunar limb)
on the camera display while manually adjusting the focus. A
quantitative measure of focus quality (determined from the
intensity gradient of the image) was displayed and allowed
volunteers to verify their focusing. This was of significant
assistance if the site was performing the focus procedure during
cloudy conditions that obscured features on the Sun or the lunar
limb. Once the best focus was achieved, the focus was
manually locked with a set screw and a snapshot image of the
focus ROI was saved to disk.
On all tabs in the procedure, there was a live camera

temperature monitor. Due to the high heat in some locations
during practice sessions, the camera would occasionally
overheat and behave erratically. Although camera operations
were specified by the manufacturer only up to 50°C, during
tests we found that the camera functioned normally while the
internal temperature was below 65°C. The temperature monitor
display in the app was set to turn red over 65°C, alerting
volunteers to cool the camera using a simple fan and shade. At
critical times in the procedure such as the fine focus procedure,
the fan was temporarily turned off to minimize vibrations that
could affect image quality. There were no failures resulting
from overheating cameras on the day of the eclipse.

4.1.5. Calibration

Calibration data required for each site consisted of GPS
location and timing, drift data, and a set of flat and dark frames.
These were taken by the user on the GPS, Drift, and
Calibration tabs.
Flat and dark frames were collected by going to the

Calibration tab. For flat images the telescope was rotated 90°
away from the Sun to a clear patch of sky, the solar filter was
removed and the user selected “Log Data (Sky FLATS),” in the
app. A sequence of 100 images (collected at 1 image per
second) were stored to the disk.
Dark images at a variety of exposures needed to be collected

with the telescope dust cover on the front of the aperture. A
sequence of 100 dark images at the same exposure as the sky
flats were stored to disk, and another sequence of 100 frames at
the same exposure as the drift test solar images. In each case
the software stored the required exposure values and the
volunteer did not need to enter the value. The final sequence of
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darks, called Totality darks, was taken using the same hardware
triggering as employed for the totality images. This was a
sequence of 8 different exposures, and the software cycled
through these exposures to collect 100 frames again, spanning
12 complete exposure cycles.

The calibration data was ideally collected prior to totality,
however volunteers were given the option to collect data after
totality if time became an issue.

4.1.6. Totality

Volunteer teams following the nominal procedure schedule
would have 25 minutes to wait for totality after completing the
initial procedures. During this time volunteers kept the
telescope tracking on the partial phase of the eclipse. Teams
had two or more members with each member assigned to a
specific task at the start and end of totality. At the start of
totality, one volunteer would remove the solar neutral-density
filter from the telescope and the other would begin recording
totality images. The app displayed a live view of totality that
the team used to verify the Sun was centered properly, the
exposures were being triggered, and it also displayed a running
count of the number of frames captured. The totality sequence
averaged 4 frames per second or about 600 totality frames for
each site. In the event of cloudy skies, teams collected totality
data at the expected time of totality; data collection was to
occur regardless of whether or not the team members could see
totality so that the team would not have to scramble and start
taking data if the clouds suddenly parted.

Once totality was over, teams stopped the data collection,
and immediately copied the data to external USB flash drives.
Depending on the write speed of the device, this could take up
to 30 minutes since each site collected about 12 GB of data. As
soon as backups were complete, volunteers proceeded to the
“Quick Look” tab to produce a high-dynamic range (HDR)
image that was created by combining eight single exposures.
The HDR image as well as a few calibration files were
uploaded to a website for inspection, and one of the USB drives
with the full data set was then mailed to the PI. Each site
volunteer reported to their team leader via text or phone about
the success at their site so a project-wide status could be
determined nearly in real-time.

4.2. Workshops

CATE coordinators hosted twelve training workshops from
April 22 through May 28. At the workshops the CATE
equipment was distributed to the site volunteers. State
coordinators, teaming with a CATE student, guided the site
volunteers through the solar observing sequence. In some states
with widely distributed volunteers, two workshops were held.
TN and KY combined their workshops into one location, and a
workshop was held in Tucson AZ for several groups from the
southwest. Overall workshop participation was good with

130+ participants attending, representing 62 out of the 70
observation sites.
The workshops shared a set of several goals, and emphasized

the safety issues involved in observing the Sun. Many of the
Citizen CATE sites were in public areas where the citizen
CATE teams would be the eclipse guides for the public. Teams
were instructed on safe public solar viewing as well as how to
develop their site-specific safety plan. Teams were encouraged
to identify members who would work with the public
exclusively so the other team members could concentrate on
running the telescope. Teams worked through the solar
procedure first indoors on a test image, and then outdoors on
the Sun. Test data collected at the workshops were uploaded to
a common website in the same way it would be done in
summer practices and during the August eclipse.

4.3. Summer Practice

Due to the time-critical nature of the eclipse observations, it
was important that teams practice and become proficient using
the equipment. The goal of the workshops was to familiarize
teams with the equipment and get them to the point that they
could take part in practice observation campaigns as well as
practice on their own. Volunteers were then asked to begin day
and night time observations and upload data of the observations
for evaluation. Participating in both day and night time
observations prepared teams by imaging the full disk of the
Sun during conditions similar to partial eclipse phases, and
imaging the moon, which provided a target of similar
brightness to the solar corona.
In addition to independent practice, several network-wide

training dates were established. The main purpose of these
practice runs was for the teams to learn how to complete
observations in a timely manner, often in less than ideal
conditions. Practices also revealed issues with the procedures
and allowed the CATE team to provide feedback to volunteers
on the quality of their data.
Table 2 lists several parameters measured during the

network-wide summer training dates. Team participation in
training sessions was at or above 50% for the first three training
sessions and decreased during the last two sessions. The
average focus quality improved after the first two training
sessions and then decreased slightly again. The polar alignment
for the sites, as measured by the solar image drift while the
telescope was tracking, improved by a factor of two through
the summer. The camera rotation, as measured by the angle of
the solar image drift during the tracking off sequence (270° is
ideal), improved initially and remained good. Finally, during
the last three practice sessions, the ability of volunteers to
center the solar image was measured, and this also showed
improvement with time.
Significant improvements to the solar eclipse app were also

made at this time. Required updates to Arduino code and the
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app were pushed out to state coordinators who beta tested the
changes and quickly provided feedback to the core team. Once
the code was determined to be stable, new versions were made
available to all volunteers. Since the workshops included
instruction on uploading Arduino code to the microcontrollers
as well as basic computer configuration and app installation,
the majority of the teams were able to quickly adapt the
changes into their own computers and start using new
procedures.

5. The 2017 August 21 Eclipse

5.1. CATE Sites: Locations and Timing Calibration

The GPS board received timing and location information. On
the “GPS” tab of the SolarEclipseApp software, the CATE
volunteers selected a communications channel and viewed the
GPS strings in a live display. Each site was instructed to run a
GPS data acquisition routine during their pre-eclipse activities.
About 1300 GPS strings were collected and saved to the file
during roughly 120 s of time for each site. These text files were
analyzed to determine the site latitude and longitude, and to
determine the timing offsets between GPS time and each
laptop time.

5.1.1. Site Location

For each CATE site, about 118 location strings were
collected with the GPS equipment; only one CATE site had
no valid GPS strings in the recorded file, and the site
coordinates were entered manually based on a Google Maps
location. In all cases the GPS location strings were recorded in
a dddmm.mmmm format, with ddd listing the degree value, and
mm.mmmm listing the minute and decimal minute values of
the GPS location. For privacy reasons Table 1 does not list the
detailed locations for each site. Based on the standard deviation
of the recorded GPS location strings, the internal precision is
very high, less than 1 m. A better error estimate can be made

using the GPS locations for Sites 000, 000b and 009, all of
which were located near the southeast corner of the athletic
field of Weiser High School in Weiser Idaho. Based on the
GPS data collected from these three sites the estimated CATE
site location accuracy is about +/−30 m (+/−0°.0003).

5.1.2. Site Timing

During initial testing it was found that tagging the eclipse
exposures with a time from the GPS Arduino shield resulted in
significant overhead, slowing the data collection. Instead we
decided to tag each image with a CPU time (which was much
faster) and then to compute the offset between CPU time and
GPS time for each laptop in the network. By using GPS data
collection to compute the offset Δt, we could convert from
CPU time to GPS time with tGPS=tCPU + Δt.
A total of 23,800 GPS timing strings were collected across

the 70 sites. On average these timing strings were collected
106minutes before totality; for nine sites the strings were
collected more than 180minutes before totality, and for six
sites the timing information was collected up to 46minutes
after totality. The computed values for Δt ranged from 300 s
behind UT to 85 s ahead of UT, with a median value of 2.63 s
behind UT. Without computing this value, there would be
significant errors when combining data from the CATE sites.
There are errors expected in both the tCPU and Δt terms, and

so there is an error in the tGPS term also. Errors in tCPU arise
from drift in the laptop clock. This was measured in several
laptops before the eclipse, and the drift rates averaged 60 ms
per hour. Occasionally jumps of 120 ms were seen in these
timing tests. We estimate this error as 90 ms. Errors in Δt can
arise from variations in the signal transfers from the GPS shield
card to the Arduino board, from the Arduino board to the USB
port, and from the USB port to the Matlab code. During the day
of the eclipse, 6 sites collected two sets of GPS timing strings.
The differences in the two values of Δt calculated for these
laptops ranged from 3 to 46 ms, with a median value of 11 ms.
Here we use 11 ms for the error. With these values, the formal
error in tGPS can be calculated to be 91 ms; so we approximate
the timing error for any exposure on any laptop during the
CATE experiment at 100 ms.

5.2. Observer Performance

CATE site volunteers experienced a variety of weather
conditions along the path of totality. Conditions were mostly
clear on the west coast, and the skies remained clear, except for
a few places, along the eclipse path until eastern Nebraska. A
patch of clouds was found from eastern Nebraska through
western Missouri, and then mostly clear conditions prevailed
again until Illinois and western Kentucky. Partly cloudy
conditions challenged CATE observers along the path of
totality from Kentucky to the east coast.

Table 2
Analysis of Data from 2017 CATE Network Practice Sessions and Eclipse

Data (bold values)

Date
# of
Sites

Focus
(arb.)

Drift
(pix sec−1)

Drift
Angle
(deg)

Image
Offset
(pix)

Jun 24 37 0.051 0.37 L L
Jul 08 36 0.051 0.33 268.1 L
Jul 22 34 0.056 0.23 270.8 19
Aug 05 15 0.055 0.20 270.2 11
Aug 12 21 0.053 0.18 270.2 16
Aug 21 50 0.056 0.22 270.0 17

Note. Larger “focus” values represent better image quality, and the experiment
goal was to align the “drift angle” to exactly 270°. 0. Smaller values of “drift”
and “image offset” are better than larger values.
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The last row of Table 2 shows the focus, polar alignment,
camera rotation, and image alignment specifications for CATE
observers on the eclipse day, August 21. In order to distinguish
cloudy sites from clear sites, the image intensity of the
tracking-on and tracking-off time sequences was used. (It is
likely that there is useful data from the sites with lower or
highly variable image intensity, but those have not yet been
examined.) Stable image sequences with the CG4 mount
tracking the Sun were collected from 46 sites, and good image
sequences with the CG4 mount turned off (and the solar image
drifting across the camera) were collected from 50 CATE sites.

The image focus values obtained on the eclipse day matched
the best focus values from any practice session. The quality of
the mount’s polar alignment is measured by the amount of solar
image drift during 100 s of tracking. To ensure minimal image
smearing, a tracking drift of less than 1 pixel in 1.3 s was the
goal for the polar alignment error (0.77 pixels per second).
Through all of the practice sessions listed in Table 2 this goal
was met, and the eclipse day drift value (0.22 pixels per
second) easily met the goal. The camera angle adjustment on
average was the best recorded during the summer, although five
sites were rotated 180° away from the optimal orientation.
Finally, the image centering achieved by the CATE volunteers
on eclipse day was good.

5.3. Camera Calibration Images

Standard dark and flat images were taken during the pre-
totality operations at each CATE site. The dark images for the
totality sequences were taken using the same Arduino hardware
camera triggering that was used during totality; darks were
taken in a sequence of 8 exposure times, consisting of 0.4, 1.3,
4.0, 13, 40, 130, 400 and 1300 milliseconds. A sequence of 100
darks was saved to the laptop disk drive, consisting of 12
complete 8 exposure sequences and four additional frames.

A close examination of the hardware triggered exposures
(the totality images and the totality darks) shows some
evidence of random intensity jumps. These do not seem to be
sticky bits, but seem to be deviations in the exposure time
caused by the timing signals from the Arduino. In the dark
frames where the signal level is about 660 counts, the jumps
can be about 30 counts, and only affect one frame in the
sequence of 12. This suggests these trigger errors can cause
intensity errors of about 1.3%. In the totality images the signals
are generally 7000 counts or higher, and about 600 images are
co-added to produce an HDR frame; we estimate these trigger
errors can introduce intensity errors of 0.017%.

The flat field exposures and the associated darks for the flats
were triggered with a software timing trigger, and neither of
these images show the random variations seen in the other
calibration data.

6. Radial Acceleration of CME Material

The 110,000 image CATE data set is unique, and thus
requires a novel analysis process. For this paper we have
selected a set of the observations from just six sites (CATE-
005, 000, 011, 012, 014 and 018) and discuss the analysis and
scientific results from them. The times covered by these images
ranges from 17:22:02 to 17:39:30 UT.

6.1. A Image Alignment

Alignment of the CATE data is challenging. Among the
totality exposures frames from one site, motion occurs as (1)
the telescope does not exactly track the Sun, (2) the moon
moves against the solar corona and (3) the Sun moves against
the background R.A./decl. coordinate frame. The fourth
alignment concern is that the different CATE sites have
different image rotation. Since the CATE sites are scattered
around the center line of totality, the lunar disk eclipses the
solar disk in different ways, leading to a different spatial
distribution of atmospheric scattered light. Finally the atmo-
spheric conditions vary from site to site, further complicating
stray light contamination.
The general procedure which was used to align this initial

science data set was to compute lunar disk position to align
each group of 8 sub-exposures and to produce one HDR frame.
All of these HDR images from one site were interpolated to a
common image center. Solar features were then tracked to
determine a second set of offsets, and then all of the HDR
images from one site were aligned and summed. Angular cross-
correlation functions were computed using an annular region of
a spatially filtered version of this HDR image to determine the
rotational offsets between each site.
In this set of 6 images, two stars were seen, and were used to

further refine the angular and spatial offset alignment, and to
orient each image onto an R.A./decl. grid. The two alignment
stars (HD 86898 and GM Leo) were also used to measure the
image scale from these sites. The stars are 2976 2 apart, and
this produces an image scale of 1 43 per pixels. The scale
variations among these six sites is less than 0 01 per pixel,
attesting to the excellent uniformity in the CATE optics system;
solar disk measurements from all the CATE sites also point to
uniformity at this level. Unfortunately the stars are not visible
in the individual CATE exposures or the first-round HDR
images.

6.2. Spatial Filtering and Velocity Measurement

After image alignment, two types of spatial filtering were
applied to the CATE images to emphasize the low contrast
coronal structures. First a normalized radial gradient filter
(Morgan et al. 2006) was used to remove the steep radial
intensity gradient from the coronal images. The radial gradient
in raw camera counts from the CATE sites shows a brightness
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variation of a factor of 300 from the limb of the moon to the
edge of the FOV. While stray light, atmospheric transmission
and equipment variation between these two sites is expected to
change the measured coronal intensity, the signals compare
very favorably among sites that have clear skies.

The second filter was a combination of box-car averaging
and then a simple edge-enhancement Sobel filter. This filtering
enhanced coronal fine-scale structures to facilitate feature
tracking in the time series. Sample NRGF and Sobel filtered
images are shown in Figure 1.

A time sequence of the filtered images reveals a variety of
changing coronal features. The most apparent changes occur in
along the SE solar limb where material is moving outward
through the solar corona. This location corresponds to a CME
observed by LASCO SoHO instrument. LASCO height-time
plots show that the event had an outflow velocity of 254 km s−1

at the observed heights between 3 and 13 RSun, with an
extrapolated start time of 13:55 UT and nearly no acceleration,
(−0.2 m s−2) (CDAW Data Center 2019).

The CATE images were divided into sub-images, and spatial
cross-correlation was used to determine local image shifts
between sequential image pairs. The shift values were divided
by the time interval between the images and the spatial scale
was used to compute a velocity; both radial and tangential
velocity components were computed. Figure 2 shows a
grayscale, spatially filtered image of this region of the corona
with the computed velocity vectors overlaid on the grayscale.
The spatial ROI showing the CME outflow was determined to
lie between two prominent and stationary coronal threads. The
velocities measured in the CME ROI were then averaged in
radial bins of 0.1 RSun; the standard deviation of the mean was
also computed for each radial bin.

The average radial velocity versus radial distance is shown in
Figure 3. Individual points are the radially averaged outflow
speeds, the error bars are the standard deviation of the mean for
each bin, and a linear fit is shown by the dotted line. The
outflow speed measurements from LASCO time–height
analysis of the CME leading edge are shown as the horizontal
line starting at 3.1 RSun at 254 km s−1 outflow speed.

There are two fits to the CATE data which are both
extrapolated to a height of 3.1 RSun. First, the dotted line
shows a model with a constant acceleration of the CME
material; the best fit acceleration is 15 m s−2. The dashed line
shows a constant velocity increase with increasing height
intervals of 175 km s−1 RSun−1; this represents a changing
acceleration with height. Both models assume that the radial
velocity equals 0 at a height of 1.2 solar radii. Both models
eventually exceed the outflow speed measured by LASCO data,
and so the acceleration mechanism must stop or significantly
decrease below a height of 3.1 RSun. Using the constant
acceleration model, the CME material in the CATE FOV at 2.1
RSun would enter the LASCO C2 FOV at about 19UT; using
the other acceleration model the material would enter the C2

FOV slightly earlier. In the C2 movie, CME material continues
to stream out of the Sun until after 22UT, so the plasma
observed by CATE is certainly associated with the event
observed by LASCO.

6.3. Discussion

This analysis of CATE data measures apparent CME plasma
velocity by mapping the spatial shifts of many plasma features
in the images and averaging these shifts in radial bins. It
provides a more flexible method for computing the plasma

Figure 1. Sample images from CATE site 005. The top figure is the summation
of 70 HDR frames aligned and then filtered with a normalized radial gradient
filter. The inset on the lunar disk shows a single 1.3 msec exposure from site
005 at full spatial resolution. The bottom figure is an image showing a Sobel
filter applied to an 8 pixel smoothed version of the top image.
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acceleration than other studies, since only the first derivative is
needed, and the velocity (and acceleration) can be mapped
across many spatial positions and times. All previous CME
kinetic studies measure the changing position of one or two
CME features with time, compute the velocity by taking the

first derivative of the position, and then compute the
acceleration by taking the second derivative of the position.
The CATE data measures the white light corona rather than

particular emission lines. Coronal plasma at all temperatures is
equally sampled in this data. In the EUV work of Reva et al.
(2017) which used TESIS Fe 171 and EIT He 304 images,
different parts of the CME that were studied had different
temperatures and thus different visibilities. Furthermore, the
temperature of the CME regions may change with time, and so
tracking features in a sequence of EUV images involves more
assumptions than tracking features in a sequence of white light
images. With those assumptions, Reva et al. (2017) track two
features, the leading and central regions of a CME, and find
different velocities and accelerations for those regions. The
leading CME region shows a terminal outflow speed of about
400 km s−1, and the central region moves outward more slowly
at about 250 km s−1. They attribute the observed kinetics, and
the temporal changes of the kinetics to a variety of mechanisms
including reconnection, mass drainage and magnetic instabilities.
Like the work of Reva et al. (2017), we measure the CME

acceleration not just at the leading edge, but at many locations.
The CME in this CATE data has a terminal outflow speed
similar to the central region of the Reva et al. CME; they find
acceleration values of between −20 and +35 m s−2, similar to
our observed accelerations of around 15 m s−2. But unlike that
work, we find that the velocity and acceleration of the plasma
well behind the CME front is consistent with the leading edge
velocity measured by LASCO (which is also measured with
white light data). While magnetic reconnection is often
discussed as an acceleration mechanism associated with the
initiation and leading edge of a CME (Chen 2011), the fact that
the trailing plasma observed in this CATE data shows an
outflow speed similar to the CME front may provide support
for other acceleration mechanisms in this CME, such as
magnetic instabilities. This CME may simply exhibit different
characteristics from the one studied by Reva et al. (2017), or
the assumptions used in the EUV analysis to track features may
lead to incorrect velocity measurements for different parts of
the CME.
Observations of the solar corona were taken with EUV

instruments on the day of the eclipse, for instance with the
Proba2 mission and with SUVI. Examining the difference
movies from Proba2 at the time of the CATE observations
(http://proba2.sidc.be/swap/data/mpg/movies/2017/08/)
shows only noise or no signal above a height of about 1.1 solar
radii. While the raw Proba2 images (which are not aligned) do
show some structures at higher locations, a full analysis of that
data set is beyond the scope of this paper. Similarly, SUVI data
from the eclipse has not been reduced with the standard
pipeline process, and a full analysis of those measurements is
again beyond the scope of this paper. Future work comparing
the CATE data with these EUV measurements will likely be
fruitful, and future analysis of the full CATE data set from all

Figure 2. A sample frame from the CATE time series showing the SE solar
limb with a Sobel filter applied. On top of the gray scale are arrows showing
the scaled motions of the coronal plasma measured with a cross-correlation
technique in the CME region of interest common to all 6 images.

Figure 3. The radial outflow speed with height, averaged over the coronal mass
ejection region of interest. The points represent averages of the radial outflow
in bins of 0.1 RSun. The error bars are the standard deviation of the mean for
the values in that bin. The CATE data extend from 1.2 to 2.1 RSun, but
measurements from LASCO C2 at 3.1 RSun and higher are shown by the
horizontal line at 254 km s−1. Two fits to the CATE data are shown: a constant
acceleration model of 15 m s−2, and a model showing a spatially increasing
velocity with a slope of 175 km s−1 RSun−1. A spatially changing acceleration
is required to explain the observed CME velocities.
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sites will likely reveal more flows in different regions of the
solar corona.

7. Summary

The Citizen CATE Experiment was a unique citizen science
project. It was funded by a combination of federal, corporate and
private contributions, and involved volunteers from middle school
students through professional solar astronomers. The volunteers
were granted full ownership of the CATE equipment, and
several groups continue to use the equipment for educational and
outreach projects today.

The data set collected by the Citizen CATE Experiment from
the 2017 total solar eclipse is unique. The white light images show
coronal material escaping from the Sun during the late phase of a
slow CME event which occurred before the eclipse; previous
studies report the acceleration of fast CME events by measuring
the position of the outwardly moving front as the CME is initiated.
We report an acceleration by measuring the velocities of the CME
material, which show a change with height in the solar atmosphere.
All previous studies directly measure CME position and report an
acceleration as the second derivative of their measurements; the
CATE data provides a new measurement of the acceleration by
showing a change in the CME velocity with spatial position. When
the CATE measurements are combined with the LASCO C2 data,
it is clear that a uniform acceleration cannot explain the kinetics of
this CME, and that the acceleration mechanism must change at
different heights in the solar atmosphere.
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