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Philip Scherrer
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Figure 1.1: A graph showing the yearly number of papers using SDO data in the NASA
ADS database, along with the annual number of citations within the refereed literature.
2016 numbers will revise higher when the abstract database is fully updated.

SDO 2017 Senior Review Proposal

iii

The Solar Dynamics Observatory
William D. Pesnell, Philip H. Scherrer, Mark Cheung, Thomas N. Woods

Table of Contents
Science Plan and Implementation ............................................................. 1
1.1
Introduction ..............................................................................................................................1
1.2
State of the Mission during the First Extended Mission of SDO .............................................4
1.3
Highlights of the First Extended Mission: 2015-2017 .............................................................5
SDO 2016 Workshop “Unraveling the Sun’s Complexity” ............................................6
Public Involvement in SDO ............................................................................................6
1.4
Science Plan and Prioritized Science Goals for the SDO Second Extended Mission .............7
PSG 1: Tracking Subsurface Flows and Structures as Activity Fades ............................7
PSG 2: Magnetic Variability and the Solar Cycle ...........................................................9
PSG 3: The Magnetic Connection Between the Sun and the Heliosphere ....................11
PSG 4: Revealing the Fundamental Physics of Solar Eruptive Events .........................13
PSG 5: Understanding Solar Drivers for Geospace and Planetary Atmospheres .........15
PSG 6: SDO Cooperative Research for Heliophysics and Astrophysics ......................16
PSG 7: Special Observing Opportunities and Rare Events ...........................................18
2
Mission Operations, Spacecraft and Ground Systems Status and Performance .............................20
2.1
SDO Spacecraft Status ...........................................................................................................20
2.2
Mission Operations Status .....................................................................................................21
2.3
SDO Ground System Status ...................................................................................................21
2.4
Instruments and Science Operations Status and Performance ...............................................21
2.5
AIA Instrument Status and Performance ...............................................................................21
2.6
EVE Instrument Status and Performance ...............................................................................23
2.7
HMI Instrument Status and Performance...............................................................................24
2.8
Instrument Operations and Data Center Status ......................................................................24
JSOC-IOC Operations ...................................................................................................25
EVE Operations .............................................................................................................25
JSOC-SDP Operations ..................................................................................................25
JSOC-AVC Operations .................................................................................................26
3
Budget .............................................................................................................................................27
3.1
Plan for Requested Over-guide Scenario ...............................................................................27
3.2
In-guide Scenario and Impact Assessment ............................................................................27
Mission Operations Over-guide Impact ........................................................................28
AIA Over-guide Impact.................................................................................................28
EVE Over-guide Impact ................................................................................................28
HMI Over-guide Impact ................................................................................................28
GSFC Science Over-guide Impact ................................................................................29
3.3
Budget Detail Explanation .....................................................................................................29
4
References .......................................................................................................................................30
1

SDO 2017 Senior Review Proposal

1

The Solar Dynamics Observatory
William D. Pesnell, Philip H. Scherrer, Mark Cheung, Thomas N. Woods
Summary: Solar minimum is just around the corner and the Solar Dynamics Observatory (SDO) is ready! Solar minimum is not a time to take the Sun for granted.
As the fireworks of solar maximum fade, the Sun presents a new, and in some
ways, more puzzling face. SDO will complete its two-year First Extended Mission
on September 30, 2017. We have watched as coronal holes grow in size and importance, and the polar regions are getting a fresh look from our high-contrast EUV images and full-disk
vector magnetograms. The seeds of Solar Cycle 25’s magnetic activity are being sown as we watch the
polar fields. How accurately can we predict Solar Cycle 25 by watching the aftermath of Solar Cycle 24?
There are good reasons to think the polar magnetic field of the Sun near solar minimum is a leading indicator
of the level of activity in the next cycle. It’s a perfect time for SDO! We use the suite of full-disk, highresolution, high-sensitivity instruments to study the solar interior flows, the surface magnetic field, and the
outer atmospheric dynamics that are the foundation of the Sun-Earth system. SDO captured the rise from
an unusually extended solar minimum to the peak of the Solar Cycle 24 and is now ready to study the
declining phase of the solar cycle. During its seven years on-orbit, SDO has collected 25 times more data
than all other space-based solar missions combined. With this proposal for a Second Extended Mission,
SDO will carry out high-priority research using current and future data and modeling assets to address
emerging science topics most relevant to the Heliophysics research focus areas. The satellite, instruments,
ground systems, and science team will continue to meet the challenges associated with supporting the large
number of external science investigations that use SDO data products throughout its proposed extended
mission.

1
1.1

Science Plan and Implementation
Introduction

SDO has been an extremely productive mission, supporting over 2600 research papers since its launch
February 11, 2010 (Figure 1.1). The SDO team may be small in number but our efforts are multiplied manyfold throughout the international heliophysics community. Our team is dedicated to operating the mission,
performing high-impact research projects, and serving the data to a large community. SDO has also been
very successful in reaching the public and media (Section 1.2.3). The media, from the web to television to
print, use SDO images to illustrate space and solar news stories.
SDO is uniquely suited to observe features of the declining phase of Solar Cycle 24 (SC24), the upcoming minimum, and first hints of Solar Cycle 25 (SC25). The deep solar minimum in 2008 surprised everyone, and we are watching for new surprises in the current decline. The opportunity to make consistent
observations of two minima and the promise of new understanding of the interior and atmosphere enabled
by collaborative observations with new missions make this an especially exciting time to observe our star.
SDO produces continuous full-Sun data with high cadence, low-latency, and excellent signal to noise.
SDO provides measurements over the wide range of length- and time-scales researchers need. By constantly
observing the full Sun, no events are missed. Rapid access to observations allows scientists to monitor solar
conditions not only for space-weather purposes but also for planning of other missions and launch decisions
of sounding rockets. High cadence allows changes previously missed due to the strobing effect of lower
cadences to be more completely observed, enabling new discoveries as well as forcing the models to a more
precise agreement with the solar conditions. The high signal to noise allows the creation of more advanced
data products, such as vector magnetograms and coronal temperature maps; it also enhances the sensitivity
to weak wave signals that had been rarely detected before but are regularly produced by SDO. While many
research topics can be addressed using SDO data alone, SDO’s full potential is realized when observations
are combined with measurements from other Heliophysics System Observatory (HSO) assets.
An example combining multiple observatories is shown in Figure 1.2. Zhao, et al. (2016) used HMI and
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AIA data from SDO, NASA’s Interface Region Imaging Spectrograph (IRIS), and the New Solar Telescope
(NST) at Big Bear Solar Observatory covering an extremely wide span of altitude and temperature to show
how magneto-acoustic waves are guided and modified by the expanding magnetic field of sunspots as they
propagate through the many orders of magnitude of density variation from the photosphere to corona. It is
the ubiquity of the SDO data that allows campaign-oriented data of IRIS and NST to be merged into this
result. We will discuss this more below.
SDO has inspired a large,
collaborative group of researchers, both casual and professional, who add value to
our data far above the mission
funding. To support these and
other observing scenarios
SDO observes All the Sun All
the Time. Researchers then observe the archive held and
managed at the SDO instrument data centers — the EVE
SOC and the AIA/HMI Joint
SOC (JSOC).
This observe the archive
strategy is fundamental to using SDO data because the data
volume is too large for any one
researcher to download and
analyze the full set. Some users require the highest temporal, spatial, or spectral resolution for a specific subset,
and others study long-term
variations that require data
sampled over the entire length
Figure 1.2: Snapshot images from each of the 16 spectral channels used by Zhao of the mission. The SOCs proet al. (2016), listed in the order of the line-formation height or temperature, from vide tools to allow users to sethe lowest to highest: (a) HMI Fe I 6173 Å continuum intensity, (b) HMI line-core lect relevant events or time
intensity, (c) AIA 1700 Å, (d) AIA C IV 1600 Å, (e) NST Hα − 0.4 Å, (f) IRIS Mg spans and to export the data
II k 2796 Å, (g) NST Hα line center, (h) IRIS Si IV 1400 Å, (i) IRIS C II 1335 Å, (j) needed for their particular
AIA He II 304 Å, (k) AIA Fe VIII/XXI 131 Å, (l) AIA Fe iX 171 Å, (m) AIA Fe XII/XXIV studies. Most science data
193 Å, (n) AIA Fe XIV 211 Å, (o) AIA Fe XVI 335 Å, and (p) AIA Fe XVIII 94 Å. products are available within a
Each panel spans 30 Mm x 30 Mm. Panel (a) also shows our measurement few days of the initial acquisischeme. Location O is the approximate center of the sunspot, A is a reference
tion, although some products
point, and the red line indicates the sunspot's radial direction passing location A.
require a few solar rotations to
White circles show the annulus used for an azimuthal average.
process. The “Sun Today,”
Helioviewer, and other browse products are available almost immediately, and many of the model and
informatics products are available soon after to facilitate near-realtime (NRT) assessment for a variety of
purposes. Data flows have continued unabated from the JSOC and EVE SOC during the First Extended
Mission (see the SDO MAP for details.)
Since the launch of SDO we have studied how solar activity changed from very low to the peak of
activity in Solar Cycle 24 (SC24, Figure 1.3). In May 2010, the monthly sunspot number was 8.5. The
sunspot number peaked at 102 (mostly in the south) in February 2014, but an earlier peak of 97 (mostly in
the north) in 2011 indicates multiple epochs of peak activity, similar to what happened in Solar Cycle 23.
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However, the curiously late onset of the solar cycle and its relatively low amplitude have only increased
the community's interest in using HMI data to study how the evolution of the solar interior and magnetic
field can explain the behavior of SC24.
The extension of the SDO mission will continue these solar observations through the declining phase
and into the next solar minimum, an exciting time to study the polar fields as the seeds for Solar Cycle 25
(SC25), the evolving flow patterns in the interior of the quiescent Sun using helioseismology, the evolution
of coronal holes, high-latitude bipoles heralding the birth of the next cycle, and variations in secular solar
EUV spectral irradiances by comparing this upcoming minimum irradiance to the previous minimum level
observed at the beginning of the SDO mission. These prominent studies are the motivation for several of
the SDO extended mission PSGs as discussed futher in Section 1.4
Heliophysics benefits from an SDO extended mission when the data continue to flow to a large and
diverse group of researchers. The sheer number and diversity of refereed papers (over 2600, see Figure 1.1)
using SDO data attest to scientific value of the data, the cost effectiveness of the mission and the ease of
data access (e.g., well-developed GUIs, application programming interfaces in IDL and Python). A telling
statistic about the importance of SDO is that 79% (122 of 141) of refereed publications using IRIS data also
used AIA and/or HMI data. AIA has served as the “third eye” of the STEREO mission. With the indefinite
loss of STEREO B, SDO is more important than ever for enabling a stereoscopic view of the Sun.
In addition to its value for solar science, the SDO data are also used for applied operations and for crossdisciplinary studies. No other mission produces the high-cadence, low-latency solar data that space weather
centers around the world rely on to forecast solar conditions and that other observatories with limited fields
of view rely on to guide daily operations.
Beyond the intrinsic scientific value of SDO data, the potential synergies between SDO and other facilities make a compelling case for a Second Extended Mission. SDO will continue to support the science of
the current fleet of satellites in the HSO. For example, the Sun will not only continue to produce eruptions
that impact geospace (the Lyman-a irradiance in
Figure 1.3), it will also develop large coronal
holes that produce the recurrent high-speed solar
wind streams that then energize the terrestrial
environment. Relating these streams to the magnetosphere response measured by NASA’s Van
Probes and Magnetospheric Multiscale mission
and to the ionosphere-thermosphere response
measured by NASA’s TIMED mission will provide new understanding of these complex interactions. SDO is also crucial for supporting misFigure 1.3: Variation of the HMI solar polar magnetic field sion planning by IRIS, Hinode, and smaller mis(top) and the Lyman-a irradiance with a prediction of Lya sions. For example, the MinXSS CubeSat mis(bottom, Pesnell, 2017). SDO’s second extended mission is a sion planners use SDO data, along with GOES
very important time to study the dynamics and geospace con- X-ray time series, to select for downlink only the
nections of the declining phase. The seeds of Solar Cycle 25 most important 10-second high-cadence data inare being set in our data. Even as active regions disappear, tervals for their collaborative flare energetics
the polar fields grow to a possible precursor of Solar Cycle studies. The second extended mission will also
25, making the evolution of the magnetic field to solar mini- support the prime-mission science of the new
mum an excellent research emphasis.
Ionospheric CONnections (ICON) and Globalscale Observations of the Limb and Disk (GOLD) missions that are launching in 2017 because SDO data
specifies critical energy input of solar EUV irradiance and solar eruptive events (SEEs) that are key drivers
in the ionosphere, thermosphere, and mesosphere. SDO data will provide vital context observations for the
Solar Probe Plus (SPP) and Solar Orbiter (SO) missions that are planned for launch in 2018. New groundbased facilities are also available to assist in SDO research. The Atacama Large Millimeter Array (ALMA)
has begun making solar chromospheric observations, while the Daniel K. Inouye Solar Telescope (DKIST;
a 4m class telescope) is scheduled for first light in 2019.
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State of the Mission during the First Extended Mission of SDO

SDO’s First Extended Mission continued the indispensable set of solar observations needed by the community. The spacecraft and instruments are healthy and continue to operate in their nominal science
mode with no new anomalies identified during the First Extended Mission. The SDO-dedicated ground
station in New Mexico captures the continuous stream of science data and uplinks commands to the
spacecraft. As a whole, SDO is operating exceptionally well and is expected to continue for many more
years.
All three SDO instruments continuously observe the full solar disk at high-cadence from a Geosynchronous Earth Orbit (GEO). The Helioseismic and Magnetic Imager (HMI) has two cameras that capture fulldisk, polarized 4096x4096 pixel filtergrams used to make maps of photospheric intensity and line-of-sight
velocity and magnetic field every 45 seconds with the required resolution and noise level, data recovery
rate (98.4%) and data completeness (>99% for each Dopplergram), needed for helioseismology. HMI also
collects the data needed to produce full-disk vector magnetograms as rapidly as every 90 seconds. HMI
measurements continue to satisfy the requirements expected for the Prime Mission.
The Atmospheric Imaging Assembly (AIA) captures 8 4096x4096 pixel images every 12 seconds: 7
EUV bands at full cadence and two chromospheric bands alternating between 12-s cycles. A visible-light
band is included at a very low cadence to monitor co-alignment with HMI. The AIA images continue to
meet the Prime Mission requirements. On March 31, 2016, Mark Cheung replaced Karel Schrijver as the
AIA Principal Investigator.
The EUV Variability Experiment (EVE) measures the solar EUV spectral irradiance from 37-106 nm
with a spectral resolution of 0.1 nm in its MEGS-B channel and in ~4 nm bands in the 0.1-37 nm range
with its ESP channel. The high-cadence EVE measurements include ESP bands at 0.25 s, while MEGS-B
spectra have 10-s cadence. The MEGS-B 32-106 nm spectra are typically obtained for a few hours per day
to study solar forcing in Earth’s ionosphere-thermosphere and during flare campaigns for studying solar
eruptive events (SEEs). Even with the failure of MEGS-A CCD on May 26, 2014, ESP and MEGS-B are
sufficient to continue addressing its primary objectives. The EVE flight software was changed in 2015 to
provide autonomous flare campaigns for MEGS-B observations whenever the ESP soft X-ray (SXR) signal
goes above a M1 flare magnitude.
All of SDO’s measurement objectives are being met by the ongoing observation sequences on the three
instruments. SDO science data have been collected almost continuously since the beginning of the Prime
Mission with no significant interruptions. Definitive data products are routinely generated along with some
NRT products that are useful for space weather applications. The AIA and HMI NRT images are frequently
used for space weather operations and also as solar feature context while planning other solar missions.
EVE NRT data are provided to NOAA and the Air Force as a backup X-ray monitor for their space weather
operations. The team enabled easy access to the data by developing tools for browsing, searching, and
exporting subsets of data from the SDO Data Centers. This access is so ingrained into the SDO mission that
we consider the Data Centers to be a “fourth instrument.”
SDO was designed from the outset to run with a high degree of automation, relying on a small core
science team whose prime functions are satellite and instrument operations, data validation and forefront
science, giving priority to supporting the larger research community. The large data stream of 1.3 TB/day
requires continuous attention from scientists and engineers all along the path — from the dedicated ground
system, the data processing and distribution system, and the production of crucial metadata to the data
search capabilities and scientific data validation. The SDO Team has supported this highly productive mission even as the budget has fallen to a basic operational level. In our proposed Second Extended Mission
we will keep the science data flowing, continue a few selected high-priority studies of solar dynamic phenomena, and report features or events such as filament eruptions and flares, while maintaining wide professional and public interest in using the definitive and NRT products.

SDO is ready for its next Extended Mission.
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Highlights of the First Extended Mission: 2015-2017

The SDO investigations have enabled significant advances towards the NASA Science Objective “Understand the Sun and its interactions with Earth and the solar system, including space weather,” specifically
the 2014 NASA Science Plan’s overarching science goals to “Explore the physical processes in the space
environment from the Sun to the Earth and throughout the solar system” and to “Advance our understanding
of the connections that link the Sun, the Earth, planetary space environments, and the outer reaches of our
solar system.”
We have made significant progress on the science questions of the mission, and the SDO science investigation teams have achieved all of the original observing objectives of the mission. Studies related to SDO
have led to the publication of over 2600 refereed papers (continuing a pace of 500 publications per year
and including 49 Ph. D. dissertations (see Figure 1.1) and over 1000 conference papers (a complete publication list is on the SDO website http://sdo.gsfc.nasa.gov).
The Prioritized Science Goals (PSGs) of SDO’s First Extended Mission listed in the 2015 SDO Senior
Review proposal were:
1.
2.
3.
4.
5.

Subsurface Flows and Structure
Magnetic Variability and the Solar Cycle
Characterizing the Eruptive Potential of Active Regions
Collaborative Studies of Solar Eruptive Events (SEEs)
Global-Scale Coronal Dynamics Driving the Heliosphere and Magnetosphere

Progress on these PSGs is mostly discussed in Section 1.4, where the extension of these PSGs (with
shifted emphasis on the Sun during lower solar activity) is described. A public SDO community workshop
was held in October 2016 to develop these PSGs, and a summary of this meeting is provided in Section
1.3.2. Here we briefly describe just three representative research projects that received significant support
from the SDO mission. Two were the focus of Ph.D.’s awarded in the past year.
Zhao et al. (2016) analyzed sequences of images from AIA, HMI, IRIS, and the NST to
determine the wave properties around a sunspot as a function of altitude (Figure 1.2). They
found the waves could be followed from the photosphere through the chromosphere and into
the corona. The wave paths are not vertical but are tilted away from the sunspot at the center
of the images. The strength and direction of the magnetic field can be determined from the changes in the
wave field as it moves upward. The novel application of analysis techniques traditionally used for seismology of the solar interior on observations of the coupled photosphere-chromosphere-transition region-corona
system demonstrates how SDO continues to enable leading edge science.
Coronal dimmings are often observed in the EUV after eruptive events. These phenomena
can be generated via several different physical processes. For space weather, the most important
is the temporary void left behind by a coronal mass ejection (CME). Fast, massive CMEs tend
to leave behind a darker void that usually corresponds to minimum irradiance for the cooler
coronal emissions. If the darkening is associated with a solar flare, the flare component of the irradiance
light curve in the cooler coronal emission can be isolated and removed using simultaneous measurements
of warmer coronal lines. Mason et al. (2016) analyzed 37 dimming events identified during two separate
two-week periods in 2011 plus an event from 2010 August 7, to parameterize coronal dimming in terms of
the depth of the dimming and the slope of the decreasing irradiance. They determined which combination
of wavelengths worked best for removing the contribution of the flare, described the fitting methods applied
to the dimming light curves, and compared the dimming parameters with corresponding CME parameters
of mass and speed. The best linear relationships are between the velocity of the CME and the initial slope
of the observed dimming and between the mass of the CME and the square root of the depth of the dimming.
These relationships could be used by space-weather operators to estimate CME mass and speed using nearreal-time irradiance dimming measurements. These relationships could also be used to monitor Sun-like
stars for CMEs that should accompany the stellar flares that have been observed in several wavelengths.
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Coronal cavities are dark regions found above filaments that resemble tunnels through the
corona. They have a dark core and bright edges. Karna et al. (2017) and others used SDO data
to study the evolution of coronal cavities in time and space. Coronal cavities have an interesting
correlation with the rise to solar maximum. As magnetic flux from the new cycle rises and
disperses, some moves poleward and encounters the remnant flux from the previous cycle. A filament forms
across the neutral line between these regions of opposite-polarity magnetic field. As this filament moves
poleward, it tends to have a cavity, even though few other filaments do. After the old polar field disappears,
cavities appear on filaments throughout the Sun. The poleward migration of filaments had been seen before,
but the region between the migrating filament and the equator was dense with filaments. Measurements of
the cavity of the persistent polar crown filament showed that it was destroyed by eruptions but generally
reformed.

SDO 2016 Workshop “Unraveling the Sun’s Complexity”
The SDO Team convened the SDO 2016 Workshop, Unraveling the Sun's Complexity, from
October 17-21, 2016, in Burlington, Vermont, which was attended by 100 scientists representing a wide range of solar research topics. The meeting was organized around the PSGs of the First Extended
Mission. Eight plenary speakers described recent developments in each PSG, and 56 oral and 50 poster
presentations provided more detailed discussion of progress in each PSG (see http://sdo2016.lws-sdo-workshops.org/science-program). The progress on these SDO 2015 PSGs are integrated into the broader discussion of the PSGs presented in Section 1.3. We are grateful that the AAS SPD Metcalf Travel Fund was able
to support several early career scientists to attend this workshop.
In addition to the PSG-focused sessions, a series of mini-workshops were held on the last day of the
meeting. These mini-workshops covered topics related to the calibration of the instruments, use of Python
to analyze SDO data, a summary of the efforts to understand and remove the 12 and 24-hour periods in the
HMI data, a meeting of the Vector Magnetogram Working Group, and a tutorial/workshop on how to perform thermal diagnostics of the corona with AIA. These sessions allow community members to interact in
person with the SDO Science Team, providing a direct link to how the instruments are working and how to
improve the data products.

Public Involvement in SDO
SDO’s images and outreach activities have been extremely popular. Since launch, SDO images have
been featured regularly in news stories, television shows, and documentaries about the Sun, space, and
space weather. The “Little SDO” Facebook page had over 1,300,000 followers and was one of the most
popular NASA-related pages ever. As of January 25, 2017, the Little SDO Facebook page has been subsumed into the NASA Sun Science Facebook page.1
Other activities are ongoing and we hope to continue their support through the Extended Mission. For
example, during the First Extended Mission documents to help people with the JSOC cutout service2 and
assist in setting up a NetDRMS site3 to access JSOC data were published.
Additionally, the SDO self-updating NRT movies are being adopted by more museums and public venues as an easy way to show current solar data with a minimum of effort. The Helioviewer website,4 developed with partial support from SDO, provides a window into the science data for citizen scientists to make
and post movies of solar activity. Tools at the Helioviewer website provide access to HMI and AIA data
through an archive of 36-second cadence jpeg2000 images generated at the JSOC. These tools provide web
and local Java tools to examine and combine solar data in a convenient form. They also have interfaces to
query the Heliophysics Events Knowledgebase (HEK)5 and display the solar events captured there. Public
1

https://www.facebook.com/NASASunScience/
http://pyoung.org/gsfc/JSOC%20Export%20Process.pdf
3 http://vso.stanford.edu/netdrms/install.html
4 http://helioviewer.org
5 http://www.lmsal.com/hek
2
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users have created over 2 million SDO movies using Helioviewer interfaces, including over 300,000 in
2016, with 1 million unique users between June and December 2016. These users serve as “SDO ambassadors” by sharing and publishing their efforts.
The SDO team has organized four SDO Data Events where the NRT data from a rare event was made
available to the public through specially prepared websites and activities. All four involved special modes
of spacecraft operation. Each SDO Data Event required significant effort to handle the large data flows
generated by the enormous public interest in the SDO images. The Venus Transit Data Event in June 2012
served 8 TB of data while the Comet ISON Perihelion Data Event in November 2012 delivered 15 TB of
data to over a million users.
We plan to continue outreach activities during the Extended Missions. For example, the Mercury transit
on November 11, 2019, is the next scheduled SDO Data Event. Other Data Events could arise depending
on unexpected events such as comet encounters.

1.4

Science Plan and Prioritized Science Goals for the SDO Second Extended Mission

Since 2010 SDO has captured the rise from solar minimum to the maximum of Solar Cycle 24 and the
beginning of the decline back to minimum, all the while captivating the scientific community and the public
with many exciting discoveries. During the Second Extended Mission, the declining part of the cycle will
present new challenges and opportunities. As active regions migrate to ever-lower latitudes, magnetic interactions across the equator increase. As the poles continue to accumulate flux for the next cycle, coronal
holes and polar crown filaments become more common. These structural changes in the Sun drive the heliosphere, and, along with the excitement for the science to explore during the next cycle minimum, motivate the following carefully selected Prioritized Science Goals (PSGs) for the next five years. These comprise only a small subset of the science that will be enabled by continued operation of SDO and favor the
science topics that will be addressed by the small remaining SDO science teams.
We think of these PSGs as topical areas of research that organize tasks for the extended mission. We
keep and evolve PSGs that will yield the most important science results over the next extended mission
phase and deemphasize those that are less vital.
Prioritized Science Goals (PSGs) for SDO’s Second Extended Mission
PSG 1: Tracking Subsurface Flows and Structures as Activity Fades
PSG 2: Magnetic Variability and the Solar Cycle
PSG 3: The Magnetic Connection Between the Sun and the Heliosphere
PSG 4: Revealing the Fundamental Physics of Solar Eruptive Events (SEEs)
PSG 5: Understanding the Solar Drivers for Geospace and Planetary Atmospheres
PSG 6: SDO Cooperative Research with Astrophysics
PSG 7: Special Observing Opportunities and Rare Events
These PSGs parallel the five original 2015 PSGs listed in Section 1.2 and add two more. They were
chosen based on progress made in the First Extended Mission, new questions that arose from the recent
research, and the timeliness of the science with respect to the phase of the solar cycle. For each PSG discussion, the progress highlights during the First Extended Mission are presented first, and then future plans
for the Second Extended Mission are presented in blue font. Science tasks involving the SDO team are in
blue; some of these objectives may require support through ROSES grants or international scientists.

PSG 1: Tracking Subsurface Flows and Structures as Activity Fades
Some of the key SDO mission science goals involve understanding the organization and evolution of the
large-scale subsurface flows and their relationship to the solar cycle; subsurface thermal structure and flows
associated with local features and events such as emerging active regions, flares, and atmospheric waves;
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and the physics of the internal acoustic waves. With
high spatial resolution, continuity, and long-term
stability, SDO observations are uniquely suited for
the use of helioseismic techniques to make progress
toward these goals.

Figure 1.4: A side view of meridional circulation,
obtained using 6 years of HMI data and displayed
after symmetrizing results of both hemispheres. Positive velocity is poleward. (Chen & Zhao 2016).

Key Objectives:
• Use measured wave properties to understand the
connections between the solar interior, chromosphere, and corona.
• Understand the meridional-circulation profile,
how it evolves with solar cycle, and its role in determining the timing and depth of solar minima.
• Determine the nature of long-lived flow structures and their relationship to the slow-down of the
high-latitude rotation in Cycle 24.
• Improve the imaging quality of far-side active regions and make far-side images useful in space
weather forecasts.
• Improve robustness of measurements of inferred
flow fields beneath active regions and assess the
potential of helioseismic measurements for predicting magnetic flux emergence.

Selected Highlights:
• Following the detection of equatorward return
flow and the suggestion of a possible double-cell circulation (Zhao et al. 2013), Chen and Zhao (2016)
developed a scheme to better measure the profile of meridional circulation. They confirmed the doublecell structure (Figure 1.4) and showed a temporal variation in the profile. Jackiewicz et al. (2015) and
Rajaguru & Antia (2015) detected the equatorward return flow differed in detail with the double-cell
profile. A global-mode analysis also suggests multiple cells, but still differs from the local helioseismology results (Schad et al. 2015).
• Subsurface flow maps of both full disk and localized areas are routine HMI data products. The following efforts were made to analyze these maps and improve their quality. Long-lived structures: HMI
ring-diagrams (Hathaway et al. 2013; Bogart et al. 2015) and time-distance data (Zhao 2016a) were
analyzed to investigate long-lived large-scale structures. They confirmed the existence of such structures, and further characterized their properties. Convection: Efforts to develop more robust 3D inversions of the subsurface flows using the time–distance method continued (e.g., Langfellner et al. 2015).
Ring-diagram analysis codes were developed to study supergranulation (Greer et al. 2016). Active regions: Birch et al. (2016), analyzing ~70 emerging active regions, found that the rise speed of magnetic
flux is well below the predictions of many flux emergence models, leading to the conclusion that convective flows play a more important role in magnetic flux emergence than previously thought.
• Helioseismic imaging of the Sun’s far side identifies active regions before they rotate into view, and
enables modelers to better map the magnetic environment around the Sun (Arge et al. 2013). Recent
progress includes a comparison of far-side regions observed by STEREO with those found in HMI
helioseismic far-side images (Liewer & Lindsey 2016), and demonstration of an improved way to map
far-side active regions with greater reliability and higher spatial resolution (Zhao 2016b).
• Helioseismic waves observed at the photosphere are related not just to the solar interior, but also to the
upper atmosphere as well. Only some flares, occurring in the corona, excite sunquakes at the photosphere. Such rare events provide an important tool to investigate the energy release and particle acceleration in flares (e.g., Zharkova & Zharkov 2015). Conversely, waves excited in the solar interior can
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be channeled up into the upper atmosphere along magnetic field lines (Zhao et al. 2016c).
• We already saw a long and deep solar minimum at the end of Solar Cycle 23 and expect to see another
one soon. Current observations, like the weaker poleward-drifting zonal flows shown in Figure 1.5,
indicate a long minimum followed by a weak cycle.
Proposed Tasks:
Task 1.1: Determine the meridional-circulation profile and how it evolves with solar cycle. Meridional circulation profiles from different phases of the solar cycle will be determined, and what role the meridional flow plays in the extended solar minimum will be studied. We will combine near-surface meridional flow measurements with the surface magnetic field evolution and use flux transport models to investigate the polarity reversal and its correlation with the activity level of the next cycle.
Task 1.2: Understand the center-to-limb effect. We will explore the frequency dependence of the centerto-limb effect, and develop a more robust method for its removal.
Task 1.3: Measure the evolution of long-lived subsurface structures. Map the evolution of long-lived
structures during the decline of SC24, and identify their role in the magnetic field redistribution and torsional oscillation associated with the solar cycle. Study the effects of the magnetic field on seismic measurements, and enhance the robustness of subsurface flows inferred in active regions. Acoustic travel-time,
sound-speed, and flow-field anomalies associated with emerging active regions will be further explored
and characterized to find signatures for forecasting their emergence. Use the frequency dependence of
acoustic travel times to disentangle the contributions of flows and magnetic fields to travel-time shifts,
paving the way for a better determination of flows below sunspots.
Task 1.4: Improve the quality of far-side active regions and make maps useful to space weather forecast. We will further improve the quality of far-side images. A time–distance code employing all useful
waves (out to 9 skips) will be developed and integrated into the HMI pipeline, complementing the existing
holography-based results. We will work to better calibrate the relationship between far-side measurements
of acoustic wave phase shifts to the magnetic flux of the active regions, and to incorporate these calibrated
data into existing tools for space weather forecasting and modeling of the magnetic environment.
Task 1.5: Study the connections between the solar interior and the chromosphere and corona. Determine the mechanism used by flares to excite waves in the photosphere. What are the field strength, temperature and density distributions above sunspots, from the photosphere to the corona? These parameters can
be inferred by tracing the upward channeling of magnetoacoustic waves and analyzing their speed at different heights and locations.
Task 1.6: Determine whether long and
deep solar minima differ from regular
minima in the interior. Determine how the
solar interior differs during minimum, particularly during the long and deep minimum, and compare with other cycle
phases? Use continuously obtained HMI pmode parameters to measure these changes
over time, emphasizing the current decline
in activity.

PSG 2: Magnetic Variability
and the Solar Cycle

Figure 1.5: Subsurface zonal flows, after a smooth differential

rotation profile is removed, obtained from MDI and HMI data.
Understanding the 22-year magnetic cyWe will monitor such flows to during to determine how the upcle and its evolution remain fundamental
goals of solar physics and the SDO mission. coming minimum differs from the deep solar minimum at the
end of Solar Cycle 23.
Comprehensive HMI observations of the
emergence and evolution of magnetic fields
began near the start of Cycle 24 in May 2010 and will continue through the declining phase. Full-disk vector
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and longitudinal magnetograms, synoptic frames, as well as computed quantities for each AR available in
NRT and definitive forms, are used widely by the solar physics community to investigate solar variability
on both large and small scales. The approaching solar minimum is an exciting time for studying the consolidation of the polar magnetic field that can be used in predicting the next solar cycle. The magneticdriven solar cycle variability of the solar EUV irradiance is also an important driver for geospace studies,
as mentioned in PSG 5.
Key Objectives:
• Measure the evolution of the magnetic field as Solar Cycle 24 wanes.
• Determine what the field reveals about the upcoming minimum and Solar Cycle 25.
• Improve the HMI vector magnetic field and other HMI data products
• Understand how structures in the solar atmosphere form, evolve, store energy, and destabilize.
Selected Highlights:
• McClintock & Norton (2016) used a set of comprehensive HMI observations determine active region
(AR) characteristics. They measured differences in evolution of tilt angle and footpoint separation in
regions of different sizes, finding that while most groups display the same trend, the smallest bipolar
regions of ~1020 Mx show distinctly different behavior.
• Sun et al. (2015) characterized how active regions contributed to the reversal of the polar field differently
in the northern and southern hemispheres thus far in Cycle 24; updates of the latest polar and zonal field
measurements appear weekly.6
• Ma & Scherrer (2016) detected the first emergence of Cycle 25 toroidal flux at high latitudes.
• The total unsigned flux measured by HMI has a very strong and immediate correlation with the F10.7
irradiance (Svalgaard; 2016).
• We continue to improve the HMI vector magnetic field observations. In April 2016, the method for
collecting vector data was improved by combining images from the two HMI cameras, providing a full
set of polarized filtergrams in 90s rather than 135s. The new scheme reduces photon noise in the Q and
U Stokes parameters by 18% and by nearly 42% for V. Sun et al. (2017) use rapid 135s-cadence vector
observations to investigate permanent and transient changes in the field during solar flares and compute
the Lorentz force.7 Vector synoptic maps are now available for the entire mission (Liu et al., 2017).
• Progress continues to be made by the HMI core team working with others to reduce the presence and
effects of the 24-hour orbital period of SDO on velocity (Schuck et al., 2016; Scherrer, 2016) and magnetic field (Couvidat et al., 2016).
• We developed a scheme for scattered-light correction that Hathaway et al. (2015) and Criscuoli et al.
(2017) use to investigate convective features and characteristics of network and faculae. We recently
determined that the correction can be applied to the Stokes data series, so we do not have to go all the
way back to the original filtergrams.
• Magnetic twist is an inherent property of the field that can be inferred from time series of vector observations. In the past two years HMI has enabled significant progress in understanding the origin of twist
and its implications. Komm & Gosain (2015) showed that magnetic field complexity is linked to kinetic
dynamics in the interior. Kinetic helicity around small-scale magnetic features implies that local dynamo
action may be an important source of magnetic twist (Sangeetha & Rajaguru, 2016). Sunspot rotation
produces magnetic twist that can liberate enough free energy for flares (Li & Liu, 2015; Liu et al., 2016a).
Vemareddy et al. (2016) show that sunspot rotation creates instabilities that can lead to loss of equilibrium. Liu et al. (2016b) find that the helical kink instability is one of the prime candidate onset mechanisms for flares.
• LWS-funded research has enabled teams of modelers and observers to investigate how magnetic flux
6
7

http://jsoc.stanford.edu/data/hmi/polarfield/
Available from the JSOC as a new data product in series cgem.lorentz
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ropes (MFRs) form in the solar atmosphere and under what conditions they erupt as CMEs. For example,
Norton et al. (2016a), with LWS support, studied the dynamics of magnetic flux emergence in ten ARs
and compared the results to the rates and time scales in simulations. Larger flux regions emerge more
quickly than regions with less flux, scaling with peak flux as a power law.
• Liu et al. (2016b) carefully calculated magnetic twist of a flux rope in AR 11817 using a nonlinear forcefree field model. The flux rope, which powered both confined and successful eruptions, is close to the
threshold of the helical kink instability. The twist increased before each eruption and decreased after.
• MHD waves are a crucial mechanism of energy transport in the solar atmosphere. Continuous HMI observations with good temporal and spatial resolution can detect all but the highest wave modes. Norton
et al. (2016b) analyzed HMI and Hinode SOT/SP fast-map observations of ARs #12186 and #12434.
Statistically significant small-amplitude oscillations are detected at the umbra-penumbra boundary with
~5 minute periods. Multi-height analysis of HMI and AIA data show upward-propagating wave modes
in the umbra-penumbra boundary, but downward-propagating wave modes in the outer penumbra and
penumbra-quiet boundary (Norton et al., 2015).
Proposed Task:
Task 2.1: Develop an accessible catalog of quantitative AR parameters (tilt, maximum flux and area,
lifetime, etc.) using HMI observations. SDO observations over a solar cycle will enable systematic studies
of the rotation rates and flux budgets of bright points, coronal holes, Hale boundaries, and other magnetic
features globally and in various regions of the Sun by us and others.
Task 2.2: Continue to improve HMI vector magnetic field and other HMI data products. We will
produce 135s and 90s-cadence vector field for selected regions and continue to analyze evolution of eruptive ARs. Daily vector synchronic frames will soon be available for the entire mission. The key to improving
calibrations seems to be combining empirical corrections with better understanding of the HMI filter profiles. We will apply the scattered-light correction to selected new and archived data; since the correction
can be applied to measured Stokes parameters rather than the spectral frames, this greatly increases the
archive of retrospective data to which the procedure can practically be applied. We will examine how to
characterize, eliminate, or mitigate small systematic errors in velocity and magnetic field.
Task 2.3: Determine how structures in the solar atmosphere form, evolve, store energy, and destabilize. We will extend the work of an International Space Science Institute (ISSI) team that has developed a
more realistic algorithm that uses observational data to estimate magnetic twist (Valori et al., 2016). Using
more observations to systematically investigate the origin of magnetic twist in features of varying size will
aid in understanding the triggering of energetic events. Observing flux emergence rates may help constrain
the choice of boundary and initial conditions in numerical simulations, which have already demonstrated
that rates increase when a flux tube has higher buoyancy and twist, or emerges in the presence of a strong
convective upflow. Further study is planned to understand buildup and evolution of magnetic twist and
development of instability in flux ropes. What do rapidly changing magnetic field conditions reveal about
evolving and eruptive ARs?
Task 2.4: Perform higher-resolution and shorter time-scale studies to determine the effects of energy
transport by magnetohydrodynamic (MHD) waves. Observations from HMI, AIA, IRIS, and Hinode
will be used to identify horizontal components of MHD waves around ARs. We will compare observed
wave amplitudes with simulations, which predict that upward propagating Alfvén waves are converted and
reflected near sunspots to produce acoustic halos. High-shear magnetic regions detected by HMI will be
used to identify regions with eruptive potential. Q-maps computed at various heights (Sun et al., 2016) will
map coronal magnetic structures to the photosphere and show where gradients in coronal and solar wind
properties are likely to occur for SPP and for Solar Orbiter. Beginning in 2019, DKIST will examine, for
finite intervals in high resolution, structures that SDO can track continuously over their lifetimes.
PSG 3: The Magnetic Connection Between the Sun and the Heliosphere
The magnetic field configuration and complexity of active regions greatly influence the potential for
active regions to be eruptive. Recent modeling using SDO magnetic field measurements has improved our
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understanding of the potential for eruptions, and some of these results are briefly discussed in the progress
subsections for this PSG. Additional 3D MHD modeling of active regions and eruptive events is proposed
that broadens the previous PSG to include a wider class of data analysis and modeling techniques. This will
provide better insight into how magnetic fields initiate eruptions, drive certain eruptions to be CMEs, and
ultimately modulate the propagation of CMEs, or in other words, connect the Sun to the heliosphere. CME
modeling will contribute to interpreting the new inner heliosphere measurements of SPP and SO and to
PSG 6 for how solar results can contribute to stellar studies of CMEs.
Recent work has featured the evolution of the polar magnetic field. The usual picture has the polar flux
forming from the meridional transport of flux from ARs that follow Joy’s Law. New evidence suggests that
symmetry breaking by a few rogue ARs that deviate from Joy’s Law is important (Jiang et al., 2014). A
large population of ephemeral active regions also seems to play an important role in the polar flux budget.
They may the earliest observable signatures of the new cycle (Savcheva et al., 2009).
Key Objectives:
• Develop data-constrained and data-driven magnetic models of the solar corona and heliosphere.
• Validation of models with in situ measurements (including from Solar Probe Plus and Solar Orbiter).
• Testing models against remote sensing data from SDO, RHESSI, IRIS, Hinode, ALMA, DKIST, and
NST.
• Continued monitoring of the Sun to enable continuous improvement of models with different magnetic
field topologies at different phases of the solar cycle.
Selected Highlights
• Aschwanden (2016): developed an extrapolation method using photospheric radial magnetic field and
EUV loops (automatically traced from AIA images) as constraints for an approximate NLFF model of
AR corona. This method was extended to make use of low-lying loops traced from chromospheric images
taken in the Mg II h, Ca II 8542 and Hα 6563 Å lines (Aschwanden et al., 2016).
• Kazachenko et al. (2015), Fisher et al. (2015): Developed a method to invert the electric field from HMI
photospheric vector magnetograms. Quantity the injection of free energy and helicity during the emergence of NOAA AR 11158 over six days. Used inverted E-field as boundary condition for magnetofriction model (see Figure 1.6 and Cheung et al. 2015 for details) for first data-driven simulation of an observed AR from its emergence to the development of a sharp polarity inversion line and the formation of
an unstable flux rope.
• Jiang et al., (2016a,b): Fully
time-dependent MHD models of AR
evolution driven by sequences of
HMI vector magnetograms. AIA
EUV images used to validate modeled coronal field structure.
• Szente et al. (2017): MHD model
(with Alfvén wave heating) of polar
jets triggered by emergence of magnetic bipoles in polar coronal holes.
Not driven by HMI, but used AIA images for qualitative comparison (FigFigure 1.6: Rendering of coronal magnetic field from a HMI dataure 1.7)
driven model of NOAA AR 11158 (Fisher et al., 2015). Shearing and
• SDO continues to enable adflux cancellation across the polarity inversion line leads to the selfvances in our ability to characterize
consistent formation of an unstable magnetic flux rope.
the eruptive potential of ARs. One approach makes use of SDO’s comprehensive set of observations of ARs, flares and eruptions to extract
statistical relations. For instance, machine-learning methods applied to the vast SDO data set are beginning to fulfill their promise of dramatically improving space weather predictions. Building on the work
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of Bobra & Couvidat (2015), Nishizuka et al. (2016) supplemented HMI SHARP parameters with additional information including the AR flare history and the AIA 1600 Å (UV chromospheric) brightness.
They report a True Skill Statistic exceeding 0.9 using a k-nearest-neighbor algorithm. Another approach
is to automatically determine which patterns in the image data are most correlated with flaring activity
and then use these patterns to predict flares (Jonas et al. 2016). This is the first time vector magnetic field
images have been combined with multiple wavelengths of coronal imagery to forecast solar flares. This
is also the first time such a large dataset, covering over 3000 active regions and requiring some 8.5 TB
of data, has been used to forecast solar flares.
Proposed Tasks
Task 3.1: Perform data-driven MHD simulations of the corona and heliosphere to understand how
photospheric evolution (such as emerging flux) generates coronal transients (CMEs and jets) and
intermittency in the solar wind (e.g., interplanetary CMEs, and microstreams with enhanced temperatures and velocity fluctuations. We will compare measured physical conditions with corresponding
model transitions between slow and fast wind, better identify connections to footpoints in coronal holes and
elsewhere, and improve understanding of the transition from heated corona to accelerating solar wind at
and above the Alfvén point (Neugebauer, 2012). The SDO team proposes to do some of this in-house with
radiation MHD codes MURaM and AWSoM, supplemented by ROSES grants. We will also use HMI magnetograms, and HMI-driven surface flux transport and coronal MHD models (using the codes described in
Fisher et al., 2015; these codes are available to the HMI and AIA teams) to account for which physical
processes determine the strength of the polar field and distribution of coronal holes during the minimum
between SC24 and SC25.
Task 3.2: Compare data-driven models to in situ measurements by existing missions as well as Solar Probe Plus (SPP) and Solar Orbiter (SO). Both SPP and SO are scheduled for launch in 2018. In
situ B-field and plasma measurements of the outer corona and inner heliosphere will allow us to closely
examine important regimes, boundaries, and transitions that, while predicted by magnetic field structural
models, require empirical validation.
Task 3.3: Compare data-driven models to remote sensing measurements. Data sources will include
AIA (e.g., the models can synthesize coronal loops to be compared actual coronal images), HMI, EVE,
RHESSI, IRIS, Hinode, ALMA, DKIST and NST.
PSG 3.5: Apply Machine Learning to Space Weather Forecasting. We find that the machine-learning
framework does as well at predicting solar flares as using hand-engineered features, which means that this
framework is flexible. We propose to add more data of other types -- in the form of observables, numerical
models (NLFF and data-driven models), or higher-level data products such as temperature maps -- to the
framework to test their predictive abilities. This work will be supplemented by grant support.

PSG 4: Revealing the Fundamental Physics of Solar Eruptive Events
Solar eruptive events, such as flares, CMEs, and associated solar energetic particles, drive abrupt
changes in space weather at Earth. They are also ideal candidates for studying fundamental plasma processes such as magnetic reconnection. SDO continues to be an indispensable resource for SEE studies by
providing magnetic field measurements from HMI, full-disk high-cadence corona images from AIA, and
solar EUV irradiance spectra from EVE. SDO also provides crucial, reliable context information for HSO
and ground-based telescopes with limited fields of view (e.g., Hinode and IRIS). Both points are illustrated
when we consider SDO in relation to two of the HSO’s newer solar observatories, the IRIS and MinXSS
missions. The successful coordinated observations of the 29 March 2014 X-flare (Kleint, et al., 2015, with
press releases ‘best observed X-flare’8 and ‘first X-flare observed by IRIS') is a prime example of SDO’s
value for SEE studies.

8

https://www.nasa.gov/content/goddard/nasa-telescopes-coordinate-best-ever-flare-observations/#
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Key Objectives:
• Take a systems view of SEEs, determine physical link between different SEE-related phenomena (e.g.
flares, CMEs, coronal waves, dimmings)
• Provide physical links between different layers of the atmosphere
• Provide observational constraints to test physical theories describing magnetized plasmas
• Clarify whether different physical mechanisms are responsible for the formation and destabilization of
flux ropes from ARs vs. from quiescent filaments.
• Determine the scaling relation between flare emission measure and temperature
Selected Highlights:
• Cheung et al. (2015): Validated differential emission measure (DEM) inversion code for thermal diagnostics of the dynamic, structured solar corona. Benefits: fast (~104 pixels/sec/IDL thread), positive definite, predicts soft X-ray images consistent with Hinode/XRT observations (see http://tinyurl.com/aiadem). Code released during SDO’s First Extended Mission in AIA Solarsoft package to facilitate quantitative thermal studies of SEE.
• Wang et al. (2015): Used high cadence AIA observations of a flare to show evidence of suppression of
field-aligned heat transport, challenging applicability of Spitzer theory to describe energy transport in
flares.
• Savcheva et al. (2016): Using HMI magnetograms
for constructing non-linear force-free fields that
have magnetic connectivities resembling coronal
loops in AIA images, revealed the magnetic configurations (including flux ropes and hyperbolic
flux tubes) associated with SEEs.
• Jing et al. (2016): Used the New Solar Telescope
(NST) at Big Bear Solar Observatory to study the
fine structure of Hα coronal rain in cooling flare
loops at unprecedented spatial resolution. In the paper, AIA UV observations show how the coronal
rain-filled loops map to the chromospheric footpoints. In an extension of this work (Jing et al., in
prep), Figure 1.7 shows an AIA DEM inversion of
the flare, which allows us to track the flare plasma
from chromospheric evaporation to condensation.
Proposed Tasks
Task 4.1: Perform coordinated SEE studies. Detailed case studies of the spatial, temporal, and ther- Figure 1.7: We will use AIA-derived thermal maps
mal structure of flare plasma (in reconnection out- (such as these for AR 12371 during an M-class flare) to
flows and evaporation flows, e.g., Figure 1.7) and its study large ensembles of flares. Catastrophic rain aprelation to the magnetic field, such as the formation pears in the NST Hα data at locations and times where
emission thermal maps show loops cooled to T < 1 MK.
of hot flux ropes. Toward solar minimum, more eruptions from polar crown filaments are expected. We will take full advantage of coordinated observing campaigns with observatories such as IRIS, RHESSI, Hinode, NST, and ALMA. Eruptive events with CMEs
may also be detected by SPP and SO. Coordinated observations by the assets of the HSO (and beyond) will
provide the most complete picture of SEEs from the source region on the Sun to the interplanetary medium.
The HEK will be used for metadata exchange and data discovery.
Task 4.2: Statistical studies of SEEs. Apply machine learning techniques (e.g., k-nearest-neighbor for
unsupervised learning; deep neural nets for regression) to discover relations between measured quantities,
e.g. flare EM, temperature, ribbon separation distance. These results may provide useful heuristics for testing/improving physical theories. Direct tests of theories: e.g. an assumption of the theory relating flare to

SDO 2017 Senior Review Proposal

15

EM to temperature is that thermal conduction is very effective at removing the energy released by retracting
loops (Shibata & Yokoyama, 2002). We will test this by pitting the flares observed by SDO against their
predicted scaling relation.
Task 4.3: Teach AIA thermal analysis: Help train the community how to perform coronal thermal diagnostics with AIA with tutorials at conferences (such as at the Solar Physics Division meetings) and at research centers. To broaden our audience reach we also plan to give webinars.
Task 4.4 On-disk CME detection and Coronal dimming as a CME proxy. Bobra & Ilonidis (2016)
trained a support vector machine to address the question of whether a major GOES flare (M- or X-class)
has an associated CME. Their study used GOES light curves and SHARP data (Space-weather HMI AR
Patch) as input parameters, and identified the SHARP parameters with the most predictive power. We
will continue these studies with this trained model, which has a remarkable True Skill Statistic of 0.8 ±
0.2 for classifying whether a flare has an associated CME.
Task 4.5: Supplement the vector magnetogram parameters included in SHARPs with coronal dimming measurements from EVE and AIA for the on-disk detection and characterization (i.e., mass
and speed) of CMEs. We would also investigate whether stealth CMEs (those not associated with
flares) have detectable signatures. The physical basis underlying the coronal dimming-CME mass relation will be investigated with realistic MHD modeling as discussed for PSG 6 Task 2.
Task 4.6: Eruptive vs. Non-Eruptive Flare Events: Physical Properties and Diagnostics. Active Region 12192, the largest sunspot group in the last 25 years, was the most flare-productive AR in Cycle 24
but produced no visible CMEs. This surprising behavior led to many detailed studies of this AR’s magnetic
field configuration. Sun et al. (2015) concluded that the strong overlying field above flaring magnetic flux
ropes was effective at confining eruptions to the corona. As another example, Bobra & Ilonidis (2016) have
shown that machine learning techniques can provide predictive skill in determining whether a large GOES
flare was eruptive or not (see PSG 4.2 for more details). We will use the realistic MHD models (PSG 3.1)
to study differences between eruptive and non-eruptive flare events. Those realistic MHD models accurately treat the thermodynamic processes in the coronal (including Alfvén wave heating and thermal conduction) and allow us to investigate the observable differences between eruptive and non-eruptive events
(EVE spectra synthesized including Doppler shifts during eruptions, and AIA and white light coronagraph
images).

PSG 5: Understanding Solar Drivers for Geospace and Planetary Atmospheres
SDO observations play a key role in advancing our understanding of the impact of solar activity on
planetary atmospheres and magnetospheres. Thus, SDO contributes to the science goals of the Heliophysics, Earth Science, and Planetary Science Divisions of NASA SMD. The two primary energy inputs for
Earth’s ionosphere and thermosphere (IT) are solar SXR-EUV photon radiation and the energetic particles
associated with solar flares, CMEs, and high-speed streams. For example, Mlynczak et al. (2014) show how
much the thermospheric cooling rates change from Solar Cycle 23 to SC24 and how they are driven by
solar EUV variability and geomagnetic activity. SDO specifies these energy inputs with EVE’s solar spectral irradiances, EVE-based irradiance models, AIA solar EUV images for identifying coronal holes (the
source of high speed streams that produce geomagnetic storms), and EVE and AIA coronal dimming measurements for characterizing CMEs. Solar EUV irradiances and CME/HSS inputs are also important for
other planetary atmospheres in the solar system — and even some dwarf planets.
The heliospheric effects of solar activity in the next few years will likely be dominated by long-lived
coronal holes. SDO measurements will also address the on-going debate about the secular decrease in the
solar EUV irradiance detected during the last cycle minimum in 2008 as well as the cause of the thermospheric density changes (Solomon et al., 2011).
Key Objectives
• Measure the upcoming solar minimum and compare with the 2008-10 minimum to explore secular trends.
• Extend the comparison to earlier minima. Determine how much of the long-term changes in the IT are
driven by long-term solar variations vs. the increases in anthropogenic CO2 that cool the thermosphere.
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• Determine how much of the long-term changes in the IT are driven by changes in long-term solar variations vs. increases in anthropogenic CO2 that cool the thermosphere
Selected Highlights:
• SDO solar observations have enabled in-depth studies of the solar drivers for the IT missions in the HSO:
AIM, CINDI, and TIMED. The solar EUV irradiance record started by TIMED SEE in 2002 and now
being extended with SDO EVE has been important for developing and validating solar irradiance variability models such as FISM (Thiemann et al., 2017), SRPM (Fontenla et al., 2011), and COSI (Shapiro
et al., 2010). EVE data are used as an input for Total Electron Content (TEC) modeling and validation of
EUV SSI modeling in the COSPAR Thermospheric Ionospheric GEospheric Research (TIGER) Program
(Schmidtke et al., 2015).
• All atmosphere-laden bodies in the solar system require EUV observations for accurate modeling. EVE
observations have been valuable for studying the evolution of Mars’ upper atmosphere from the NASA
MAVEN mission (Eparvier et al., 2015). A model of the ionosphere of Titan also used models base on
EVE data (Madanian et al., 2015).
Proposed Tasks:
Task 5.1: SDO has observed the majority of Solar Cycle 24, so its solar EUV record is important
for studying solar cycle variability for PSGs 2 and 5 and further improving solar irradiance models
for terrestrial and planetary atmosphere data analysis and modeling. SDO’s Extended Mission will
extend well-calibrated solar measurements critical for AIM and TIMED. We will explore the secular
changes between cycle minima for solar irradiance and IT composition, energetics, and dynamics in collaboration with the AIM and TIME
Task 5.2: Make the EUV spectral irradiance observations needed for the ICON and GOLD missions.
Solar EUV spectra are critical for their mission objectives related to characterizing the responses of the IT
to solar activity, tropospheric weather, atmospheric interactions, and ionospheric instabilities. Both missions are planned for launch later in 2017.

PSG 6: SDO Cooperative Research for Heliophysics and Astrophysics
The full-sun coverage of SDO provides important data regarding the impact of the global coronal connectivity and topology on the structuring of the solar wind, possible sympathetic flares, geoeffectiveness of
CMEs, relationships of coronal dimmings to CMEs, and the effects of magnetic complexity on flares and
eruptive events. Many of these lessons could also be applicable for characterizing flares, winds, and CMEs
from stars and how that variability impacts the habitability of exoplanets. Thus, SDO also contributes to
the science goals of the NASA SMD Astrophysics Division.
Key Objectives:
• Understand the relationships of active region magnetic complexity to occurrence of EUV late-phase
flares. How can these results be used to study stellar magnetic behaviors?
• How might the relationships regarding eruptive phenomena established during solar cycle maximum
change during minimum? What are the implications for stellar systems and exoplanet habitability
• Using SDO results relating coronal dimming and CME properties, how large and energetic are the
CMEs from sun-like stars, and how do CMEs impact exoplanets atmospheres and habitability?
Selected Highlights:
• EUV late-phase flares were a key discovery during the prime mission of SDO. Late-phase flares exhibit
a secondary peak in warm coronal lines that appear from minutes to hours after the primary flare event
(Woods et al., 2011). Inspection of AIA EUV images, along with HMI magnetograms, led the EVE team
to conclude that the late-phase emission comes from complex loop systems relaxing after the primary
flare (Hock 2012; Woods, et al., 2014). Such systems exist where the photospheric field has greater complexity. This raises the intriguing possibility that EUV late-phase flares may be another proxy (in addition
to Zeeman Doppler Imaging) of magnetic complexity on stars.
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• Harra et al. (2016) used SDO/EVE, SDO/AIA, GOES, RHESSI, FERMI and SoHO/-LASCO data from
42 X-class flares occurring between Feb 2011 and Nov 2014 to search for flare properties that can characterize eruptive events in stars. They reported that all eruptive X-flares in their sample had Sun-as-star
coronal dimmings observed by EVE. In a separate study using EVE and AIA data, Mason et al. (2016)
found a correlation between CME speed and the amplitude of the coronal dimming. These studies suggest
coronal dimmings may be used as a proxy for stellar CMEs. Given the possibility that CME-magnetosphere interaction may have a major impact on the erosion of the early Martian atmosphere (Jakosky et
al., 2015), the detection of stellar CMEs by the coronal dimming technique has direct implications for
habitability of exoplanets around active stars.
• Jin et al. (2016) employed AWSoM to construct a realistic model of the global corona as observed on
Feb. 15, 2011. They launched a CME from an inserted flux rope and investigated magnetic changes in
regions in the vicinity of the erupting AR. They found that CME-induced reconnection can increase the
decay index (i.e. rate of magnetic field strength decay with height), which has a destabilizing effect on
pre-existing flux ropes. This also provides a physical basis for sympathetic flares suggested by statistical
studies of flare rates (Schrijver & Higgins, 2015; Fu & Welsch, 2016; Lee et al., 2016).
• Accurately characterizing the properties of exoplanet host stars has become an important in stellar astrophysics. Yet even the solar abundances, the linchpin of stellar evolution and stellar properties, remain an
area of controversy. Basu (2016) reviews the solar abundance problem and the use of helioseismic constraints on solar models. The correlation between solar torsional oscillations and activity (e.g., Howe et
al. 2013, see Figure 1.5) as well as details of the angular momentum loss in the Sun (Cunnyngham et al.,
2016) are crucial in understanding the evolution of magnetic fields in other stars.
• Greer et al. (2015) used HMI data to constrain degree to which solar convection departs from mixing
length theory.
Proposed Task:
Task 6.1: We will use HMI magnetic field data to quantify the magnetic complexity for the roughly
900 late-phase flares identified by Woods (2014). The analysis will use flare type and magnitude to
identify the useful relationships that could be applied for stellar flare studies. Example indicators of
magnetic complexity include density of magnetic helicity, magnetic free energy, fractal dimension, and
volume of magnetic discontinuities. The CHANDRA and NuSTAR long-duration observations of red dwarf
stars, that are considered good candidates for exoplanets, can be studied to identify magnitude and frequency of late-phase flares on those stars, and any such findings can be compared to the solar results
Task 6.2: Compare CME simulations from 3-D MHD models with SDO and other HSO observations
to validate and refine the coronal dimming and CME relationships. Such results could improve the
accuracy for estimating stellar CME properties from future stellar coronal dimming observations. Stellar
EUV observations by EUVE have not yet revealed coronal dimming events (Harra et al., 2016), so the
dimming-CME relationships are likely more important for future stellar EUV observatories. In addition to
the modeling, there is an on-going ROSES grant to improve the accuracy of the empirical CME-coronal
dimming relationships by studying the thousands of eruptive events during the SDO mission.
Task 6.3: Global helioseismology and solar-stellar connection. We will measure the variation of the
torsional oscillation through solar minimum and identify how it anticipates the next solar cycle. Using solar minimum data, which is relatively uncontaminated by surface activity, we will study the dynamics of
convection and constrain solar structure.
Task 6.4: Provide a continuous baseline for HSO missions and ground-based facilities. The SDO mission will continue to extend the valuable archive of solar data to support collaborative studies with other
HSO missions to achieve their science goals. ALMA has begun taking solar observations and DKIST will
come online in 2019. Both have very small fields of view, so global context measurements and image
analysis are required to assist target planning; ground-based observatories do not provide the 24-hour coverage needed to optimize planning. The SDO team will ensure the observation campaigns have the nearreal time and science quality data needed to enable cutting edge scientific discoveries.
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PSG 7: Special Observing Opportunities and Rare Events
Selected Highlights: SDO observes the Sun continuously, capturing many exciting solar events and phenomena with its standard observing plan. However, the SDO team has run special observing campaigns to
take advantage of unique opportunities afforded by unusual events (see Section 1.3.2). These are ongoing
tasks that we will support as possible.
Proposed Task:
Task 7.1: Sungrazing Comets. Observations of comets within the solar corona have revealed new physics
in the formation of a cometary EUV tail and are a unique diagnostic of the corona magnetic field (Bryans
& Pesnell 2016; Thompson & Young 2016). Comet observations can also be used to validate MHD models
of the Sun-to-heliosphere field configuration in a poorly sampled domain (Downs et al. 2013).
Task 7.2: Solar eclipses. Eclipses generate considerable excitement in the solar community, both for their
scientific potential as well as the opportunity to further engage the public. Analysis of ground-based data
taken during the solar eclipse visible across the USA in August 2017 will benefit from SDO (which will
not experience the eclipse due to its orbital location). Models of the corona produced using SDO data can
be validated by the eclipse observations, and SDO will help build public awareness.
Task 7.3: Planetary transits. The SDO team implements special observation modes for planetary transits,
which have proven to be excellent opportunities for public attention. They are also useful for precise platescale determination and coordinate system validation, as well as being applicable for exoplanet studies. A
transit of Mercury on Nov. 11, 2019, is our next planned campaign. We anticipate it will attract a wide
audience like prior SDO special events as the next transit is 13 years later.
In summary, the seven PSGs described above detail some of the critical science that can be performed with
SDO data over the FY18-20 timeframe. To accomplish these goals, we rely heavily on external support and
partnerships. We highlighted the tasks to be performed with the assistance of SDO team members with
blue-colored font; all other tasks can only be addressed with outside sources of funding and support.
The significance of SDO science to the Heliophysics Science Program is reflected in the 2014 Roadmap
for Heliophysics9, which identifies SDO as important to 9 of the 13 Roadmap Research Focus Areas and
11 of 12 Heliophysics Decadal Survey Challenges10. SDO’s full-disk, multi-domain, continuous coverage
clearly supports a broad range of scientific areas in Heliophysics in general and in solar physics in particular. The traceability matrix in Table 1.1 (on following page) relates the PSGs to the Roadmap Focus Areas
and the Decadal Survey Challenges.
The SDO team is ready for our next Extended Mission!

9

https://smd-prod.s3.amazonaws.com/science-blue/s3fs-public/atoms/files/2014_HelioRoadmap_Final_Reduced.pdf
http://www.nap.edu/catalog/13060/solar-and-space-physics-a-science-for-a-technological-society

10
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PSG1: Tracking Solar Interior Flows and Structures as Activity Fades
PSG2: Magnetic Variability and the Solar Cycle
PSG3: Enable Data-Constrained and Data-Driven Magnetic Field Modeling
PSG4: Fundamental Physics of Solar Eruptive Events (SEEs)
PSG5: Solar Drivers of Geospace & Planetary Atmospheres
PSG6: SDO Cooperative Research with Astrophysics
PSG7: Special Observing Opportunities and Rare Events
Roadmap Research Focus Area
X X X X X F1: Understand magnetic reconnection
X X X X X X F2: Understand the plasma processes that accelerate and
transport particles
X X
F3: Understand ion-neutral interactions
X X X
X
X
C

X
X
X

X

F4: Understand the creation and variability of solar and
stellar magnetic dynamos
X X X
X X F5: Understand the role of turbulence and waves in the
transport of mass, momentum, and energy
X X X X X X H1: Understand the origin and dynamic evolution of solar plasmas and magnetic fields throughout the heliosphere
C C X C X
H2: Understand the role of the Sun and its variability in
driving change in the Earth’s atmosphere, the space environment, and planetary objects
C
C
H3: Understand the coupling of the Earth’s magnetosphere-ionosphere-atmosphere system, and its response
to external and internal forcing
H4: Understand the nature of the heliospheric boundary
region, and the interactions between the solar wind and
the local interstellar medium
X X X
X
W1: Characterize the variability, extremes, and boundary conditions of the environments that will be encountered by human and robotic explorers
X X X
X
W2: Develop the capability to predict the origin, onset,
and level of solar activity in order to identify potentially
hazardous space weather events and all-clear intervals
X X
W3: Develop the capability to predict the propagation
and evolution of solar disturbances to enable safe travel
for human and robotic explorers
C C C
C
W4: Understand, characterize, and model the space
weather effects on and within terrestrial and planetary
environments

SDO
Extended
Mission
Science
Goals
Decadal Survey
Challenges
SH-3, SWMI-1
SH-3, SH-4,
SWMI-2
SH-2&4; SWMI3, AIMI-1 & 2
SH-1
SH-2, SH4,
SWMI-2, AIMI-3
SH-1, SH-2, SH-3,
SWMI-3, AIMI-4
SWMI-3, AIMI-4
SWMI-3, SWMI4, AIMI-1, AIMI4
SH-4
SH-1, SH-3,
SWMI-3, AIMI-4
SH-1, SH-3
SH-3, SWMI-2,
SWMI-3

SH-3, SWMI-2,
SWMI-3, SWMI4, AIMI-1, AIMI2
Table 1.1: A traceability matrix showing how the proposed PSGs proposal map to the Research Focus
Areas of the 2014 Roadmap for Heliophysics and the Heliophysics Decadal Survey Challenges. A C
means the PSG contributes to these research focus areas, X means the PSG is an essential part of that research focus area.
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Mission Operations, Spacecraft and Ground Systems Status and Performance

The SDO spacecraft, instruments, Mission Operations Center (MOC), Flight Operations Team (FOT) at
GSFC, and the SDO Ground System (SDOGS) elements are all Green (see Figure 2.1).

2.1

SDO Spacecraft Status

The SDO spacecraft
and
instruments
are
healthy and ready to continue supporting the SDO
extended mission. All
SDO subsystems are operating at nominal levels except for one Inertial Reference Unit (IRU1) which
began drawing current
above its yellow limit.
FOT and GSFC engineers
removed IRU1 from the
SDO attitude control loop.
It is now powered off except for three days every
quarter. The two other
IRUs are sufficient for
complete pointing information; however, the SDO
team is investigating gyroless control modes. Operating SDO with the Inertial Reference Unit (IRU)
heaters disabled was decided prelaunch in response to concerns from
the GSFC Battery PDL.
The SDO Team has consistently lobbied for a realistic assessment of the
flight performance of the
Figure 2.1: All major subsystems of SDO are green for the extended mission,
SDO battery, and of the
with estimated remaining lifetimes exceeding five years.
impact on battery life of running with the IRU heaters enabled. After years of discussion, results of ground
tests using very similar batteries have shown that the IRU heaters could be used with minimal negative
impact. Since September 26, 2016 the IRU heaters have been used, with a resulting significant improvement
in the observatory pointing performance. In 2017, we began also running the IRU-1 heater during the quarterly maintenance power-on; the current draw is also reduced a few milliamps and the IRU-1 performance
is improved.
The spacecraft has used 2.122 kg of propellant for 13 station keeping and 28 momentum management
maneuvers over the last seven years. The 383.9 kg of remaining propellant suffice to maintain the SDO
orbit and pointing as long as the spacecraft is operational in addition to raising the spacecraft into the final
disposal orbit. A review of the on-orbit aging of the solar panels and battery indicates that there is sufficient
margin to operate past 2026 with the current power system load.
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Mission Operations Status

The FOT currently staffs the MOC 12 hours per day, Monday through Friday with personnel on call to
support spacecraft and instrument issues. The FOT support for the SDO was designed to make effective
use of automation to reduce labor. While the observatory provides a continuous flow of solar data to the
users, the spacecraft, the MOC and SDOGS are largely autonomous. The robustness and redundancies in
the SDOGS, including some critical computer refreshes, have reliably provided the high-rate SDO data
with very few losses over the seven years of the mission so far.

2.3

SDO Ground System Status

The SDOGS consists of a pair of 18-meter antenna dishes and the SDO Data Distribution System (DDS)
located on the NASA White Sands Complex in New Mexico. With proper maintenance, the SDOGS should
operate reliably over the next five years.
The SDOGS anomalies in the last two years are primarily due to aging of the SDOGS subsystems, and
bad weather. Some subsystems have already been replaced or upgraded. Three SDOGS subsystems are
being replaced during 2017: The Frequency Conversion System, the Range Receive Command Processor,
and the High Data-rate Receivers. These are essential for data processing and all had either obsolete computer systems or were no longer supported by the original manufacturers. With the current refresh, these
systems should now last for more than 5 years. We plan to continue to proactively maintain the SDOGS,
including replacing the gearboxes, RF Switches, Antenna Control Assembly (ACA) Single Board Computers (SBCs), and repainting the antennas, during the mission extension.

2.4

Instruments and Science Operations Status and Performance

All SDO Instruments and Science Operations Centers (SOCs) have performed exceptionally well during
the First Extended Mission and are expected to perform well during the Second. As discussed in the budget
section, there is a significant concern about obtaining enough funds above the in-guide budget in order to
validate the production of quality data products, versus just acquiring data bits. The one significant instrument anomaly is a shorted capacitor in the EVE MEGS-A CCD electronics (May 2014 anomaly), which
means there will be no MEGS-A science data during the extended mission. The EVE MEGS-B and ESP
irradiance measurements will continue during the extended mission and can address all of the original Level
1 requirements for EVE observations without MEGS-A.

2.5

AIA Instrument Status and Performance

AIA instrument health and performance are excellent; the instrument performance meets the requirements
set by the original science goals and is expected to continue to do so throughout the mission extension. In
seven of the nine UV/EUV wavelength channels, sensitivity has degraded by 9-46% (on average 27%) over
the first 6.5 years of the mission, with degradation e-folding time scales greater than 15 years. Only the 304
Å and 335 Å channels have shown larger sensitivity loss; these are the wavelengths anticipated to be most
affected by molecular contamination. The 304 Å channel throughput fell rapidly early in the mission, declining by a factor of three in the first 18 months of operation. Following a series of detector bakeouts in
2011 and one bakeout of the mirrors, the rate of sensitivity loss decreased substantially, and as of early
2017 the throughput is at approximately 10% of its initial value. The 335 Å channel sensitivity has fallen
fairly steadily throughout the mission, and is now at 20% of its initial value. Corrections to the response
functions to account for throughput loss for all channels are regularly updated and are provided through
SolarSoft for use by the community.
Throughput in the 304 Å and 335 Å channels is decreasing with an e-folding time of approximately 3.5
years (Figure 2.2). In both channels, the signal-to-noise ratio remains ample for AIA to meet all of its
science goals without a need to change the exposure durations or image cadence. The 304 Å channel is
centered on the brightest EUV line in the solar spectrum, and still produces excellent, high-contrast images
over the whole solar disk. The 335 Å line generally targets emission from flares and hot active regions with
a high emission measure, and the data from such regions remains excellent.
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Should instrument throughput become a concern
during the Extended Mission, we have the ability to
perform CCD bakeouts. Six bakeouts were conducted
between the start of operations and April 2012, and
they produced a substantial recovery of the 304 Å and
335 Å channel sensitivities. We have not performed
a bakeout since April 2012; the sensitivity is adequate, so it has been preferable to avoid complicating
the instrument calibration by imposing discontinuous
changes in throughput that can only be approximately
calibrated through comparison with EVE and other
spectroscopic information.
In all other respects, AIA remains entirely healthy.
Figure 2.2: Degradation for AIA and EVE channels
for the He II 304 Å emission over the SDO mission.
AIA uses 13 mechanisms (a shutter, filter wheel and
The AIA degradation (gold) is based on transferring
focus mechanism on each of the four telescopes, and
the EVE calibration to AIA. The ESP (green) and
an aperture selector on one of them), each of which
MEGS-A Filter-Only (red) degradation trends are
has performed approximately 37 million moves so
based on the in-flight daily calibrations with the refar. The mechanism life tests covered 66 million
dundant filters. The MEGS-A total degradation
moves for the focus mechanism, and over 80 million
(black) trend includes the filter-only degradation and
for the other mechanisms, without any failures. None
long-term trending that is only possible with underof the mechanisms has shown any change in current
flight calibration measurements (blue arrow).
draw, move time, or any other behavior while on orbit. Therefore, we anticipate that these 13 mechanisms will continue to perform excellently throughout the
extended mission.
The image stabilization system (ISS) requires periodic calibration due to seasonal changes in the angular
size of the Sun throughout the year, but the signal levels on the visible-light guide telescope have been
steady and we have not had to retune the ISS for any degradation.
The optical performance of the four main telescopes has not changed noticeably, and the telescope focus
has gradually settled in approximately half a depth-of-focus away from its initial value. The transmission
of the delicate thin-film entrance filters is gradually increasing due to micrometeorite strikes; this has resulted in the appearance of stray light in the 4500 Å channel. However, this channel is only used once per
hour to verify alignment with other solar instruments. The nine EUV/UV channels use filters mounted in a
wheel behind the optics to reject visible light, and stray light remains at least three orders of magnitude
below the threshold of detection in those channels. Finally, the CCD characteristics (dark current, bad pixels, and flat-field pixel-to-pixel variation) are measured roughly quarterly and have not shown significant
changes since our initial measurements during instrument commissioning. In summary, with none of its
subsystems showing any sign of degraded performance, and with AIA having no consumables or limitedlife items, there is every reason to expect that AIA will continue meeting its science requirements for another ten years.
AIA was interrupted during the extended mission when, on 2 August 2016, SDO entered Sun acquisition
mode during a lunar transit and powered down all three instruments. AIA telescopes started taking images
on Aug 5th and nominal science mode was restored on Aug 10th. The recovery required a full flight software load. Unlike HMI and EVE, AIA had not needed a flight software load for the 6+ years of prime and
extended mission. This event was the first opportunity the recovery procedure could be fully tested. Due to
personnel attribution in the First Extended Mission, the JSOC operations team required more time to perform tests and to configure the instrument to full science mode. The steps needed to restore AIA to nominal
science mode have been integrated into the recovery procedure and are used to train current personnel.
Two classes of electronic upsets have caused brief interruptions in the steady flow of data from AIA.
Both are likely attributable to cosmic ray hits, although it is difficult to establish this definitively. The first
affects the camera interface board, and causes corruption in the image data from the affected camera until
a reset is performed. There have been nine occurrences of this upset distributed across two of the four AIA
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cameras (and eight occurrences on the two HMI cameras, which are identical). While the root cause has not
been identified, the frequency is low and the recovery procedure is straightforward (the affected camera has
been reset typically within one to three hours since 2012), so this is not a threat to the instrument data
completeness budget. There have also been four occurrences of single-bit errors in the data compression
tables, which have the potential to cause minor errors in the image data, but are again straightforward to
clear. Over the entire mission, these infrequent anomalies have caused the equivalent of one day of lost or
degraded data.

2.6

EVE Instrument Status and Performance

The EUV Variability Experiment (EVE) continues to make solar SXR (0.1-10 nm) and EUV (32-122
nm) irradiance measurements. The EVE suite of instruments includes the Multiple EUV Grating Spectrographs (MEGS-B) covering 32-106 nm and the EUV SpectroPhotometer (ESP) with five bands in the 0.140 nm range. The MEGS-B also includes a photometer for H I 121.6 nm.
The ESP continues to provide accurate, high time-cadence (0.25-sec) irradiance data in five SXR-EUV
bands. With its high reliability and low latency for its Level 0C space weather data product, ESP has proven
useful for space weather operations at NOAA SWPC and Air Force Space Command as backup data for
the GOES XRS (Hock et al., 2013) and SoHO Solar EUV Monitor (SEM) bands.
The MEGS-B channel provides solar EUV spectral irradiance data at 0.1-nm resolution for the 32-106
nm range and with 10-sec cadence. Because there was unexpected degradation of the MEGS-B CCD at first
light, the MEGS-B observations have been limited to 3-6 hours per day since July 2010 in order to provide
a long lifetime (> 10 years) for MEGS-B observations. The EVE team developed new flight software to
automatically activate the MEGS-B observations when the ESP measurements indicate that a M-1 or larger
flare is starting. This autonomous flare detection algorithm has proven effective to allow the maximum
coverage for the larger flares while still limiting the MEGS-B exposure for a long mission. An example of
the new MEGS-B autonomous flare campaign is shown in Figure 2.3.
Although the MEGS-A CCD failed in May 2014, EVE ESP and AIA cover the MEGS-A spectral range
of 5-37 nm, but with less spectral resolution than MEGS-A.
It is critical for EVE to provide calibrated solar
SXR-EUV irradiances for studying the solar influence on Earth’s ionosphere and thermosphere. There
are daily onboard EVE calibrations to track the degradation of the filters with redundant filters and to
measure any relative changes of the CCD pixels with
LED flatfield lamps. These onboard calibrations
track exposure-related degradation effects, but they
do not track all degradation effects seen in Figure 2.2.
To address these effects, the EVE calibration plan includes underflight rocket calibration measurements
using the prototype EVE. These underflight calibrations have been in May 2010, Mar. 2011, June 2012,
Figure 2.3: M-class flares on 2016/205. The MEGSB flare campaign is triggered for 3 hours each time
Oct. 2013, and June 2016. There is a calibration gap
the ESP signal goes above the M-1 flare level. It was
between 2013 and 2016 because the May 2015 rocket
triggered 3 times on this day. The behavior of He I
flight was not successful due to a rocket guidance
584 is very different from the ESP SXR. This depends
system failure, but fortunately the rocket EVE instruon whether the flare is eruptive (the M7.6 and M5.5
ment survived this incident. HQ provided extra funds
flares) or non-eruptive (the M5.0 flare).
for a successful re-flight in June 2016. This approach
has achieved a calibration accuracy of about 10% for the EUV irradiance record over the life of the SDO
mission. During the extended mission, we propose a SDO underflight calibration experiment every two
years with the next one planned for June 2018. These calibration measurements have also benefited the
calibration and validation of 14 other SXR and EUV solar instruments aboard GOES, Hinode, ISS,
PROBA2, SDO, SoHO, SORCE, STEREO, and TIMED.
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HMI Instrument Status and Performance

Since the start of the science mission on 1 May 2010, HMI has been in almost continuous operation
and has taken more than 110 million images. The majority of gaps in coverage are caused by planned
spacecraft maneuvers and eclipses. Data recovery has been better than 99.95%, with losses caused primarily
by issues at the SDO ground station antennas (typically high winds). The science-quality 45-second cadence
Dopplergram coverage is 98.67% over the entire mission, and 98.26% in the extended mission.
One significant change to HMI's operation has been made in the extended mission: on 13 April 2016
the observing sequence was changed to eliminate redundant filtergrams. In the prime mission observing
sequence, the filtergrams used for the full vector data were taken by one camera, and the filtergrams for the
high-cadence line-of-sight data products were taken with the other. By eliminating the redundant filtergrams in the vector camera and combining filtergrams from both cameras, the vector data products now
have decreased noise levels (see section 1.4.2).
A variety of calibration data are taken at regular intervals to monitor and maintain the HMI performance. Twice daily, sets of images are taken to monitor the instrument throughput and image plate scale.
Weekly and bi-weekly internal observing sequences are run to determine the optimal instrument focus and
tunable-filter settings and, updates to the small-scale image flatfield. The large-scale image flatfield is determined quarterly in conjunction with spacecraft offpoint maneuvers. In addition to the normal maneuvers,
on 23-24 March 2016, SDO was rolled 180 degrees from its normal orientation for 24 hours for HMI's
benefit. A series of calibration observations were taken over a 48-hour interval to cover the full range of
orbital velocity in both orientations. These observations have been used to better characterize the wavelength dependence of the optical elements. A significant effort has been made to better understand the
source of the ~1% error in line position sensitivity that is the source of the 12 and 24 hour variations in
Doppler and magnetic field measurements. The problem originates in insufficient precision in pre-launch
measurements of the non-tunable filter elements. With almost seven years of measurements we believe we
can now use the orbital velocity as a probe to improve the knowledge of these elements without introducing
new systematic errors. This effort will continue in this Second Extended Mission.
The HMI optics package has active thermal control that is monitored and adjusted to maintain an optimal operating environment. The HMI image focus is maintained at a roughly constant value by adjusting
the thermal control of the HMI front window. Radiation darkening of the optics has caused an anticipated
decrease in the end-to-end transmission of the instrument. The decrease through the prime mission was
determined to be approximately 15%, but the rate of degradation has slowed considerably, and the further
decrease in transmission to date is only a few percent. There is still sufficient margin to increase exposure
times to maintain uniform signal intensity as degradation continues. Due to the aging of the optical components, the optimal tunings of the Michelson interferometers change slowly with time, and this is corrected
for every 6 to 12 months. The current trending plots for the HMI instrument can be found at: http://jsoc.stanford.edu/doc/data/hmi/trend_plots/.
HMI's normal operation has been interrupted a few times during the extended mission. On 2 August
2016, SDO entered Sun acquisition mode during a lunar transit and powered down all three instruments;
the HMI recovery was completed the following day although interruptions in normal operations continued
for the next few days as other spacecraft systems were restored. HMI also experiences occasional anomalies
due to corruption of onboard tables or software that results in corrupted data from one or the other camera.
These issues are quickly dealt with by reloading the relevant tables and if necessary restarting the affected
camera's electronics. There have been six such events in the extended mission.
Aside from these occasional interruptions, the HMI instrument continues to perform extremely well
on-orbit. There is no indication that HMI will have any difficulty operating for an five to ten more years.

2.8

Instrument Operations and Data Center Status

Table 2.1 provides a summary of the volume of SDO archived intermediate and final science data. The
SDO Mission Archive Plan has additional details about the data volumes and status.
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Data Products
Volume
AIA Level 1
1321 TB
AIA, higher level
75 TB
HMI Level 1
1910 TB
HMI Level 1.5 and higher
2323 TB
EVE Level 0b
33 TB
EVE higher level
2 TB
Table 2.1: Summary of data archived
through 2016.
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JSOC-IOC Operations

The SDO AIA and HMI instruments are run out of the
JSOC Instrument Operations Center (JSOC-IOC) based at
LMSAL. Both continue to run smoothly. The JSOC team performs weekly calibrations of the HMI instrument and biweekly calibrations for the AIA instrument. These calibrations
include flatfields, long exposures, focal plane filter and entrance filter checks, as well as detunes for the HMI instrument.
Monthly calibrations include AIA focus sweeps and AIA/HMI
diagnostic data collection. In addition, a bi-monthly AIA
guide telescope/PZT calibration is conducted. The onboard clocks for both instruments require routine
monitoring and adjustment. Eclipse season occurs twice a year for SDO and requires thermal adjustments
for both AIA and HMI. The team meets before each eclipse season to discuss strategy, and after eclipse
season to discuss lessons learned. Both the MOC and EGSE Alert Notification Systems (ANS) continue to
function well and provide remote and continual monitoring for the instruments. The JSOC EGSE workstations have been replaced with more modern equipment.
The JSOC team conducts internal weekly planning meetings and participates in the weekly GSFC FOT
telecon. The health of both the AIA and HMI instruments are closely monitored with twice-daily checks.
In addition, the health and safety and the long-term trending websites have proven beneficial for monitoring
not only the instruments but in helping to monitor the health of the SDO spacecraft. The JSOC team works
closely with the FOT in monitoring the health of the AIA and HMI instruments by conducting regular,
roughly every six months, reviews of the trending data. The JSOC team monitors the instrument not only
during normal working hours, but also on weekends and provides emergency support 24/7 for both the AIA
and HMI instruments. For the foreseeable future, the operation of the HMI and AIA instruments from the
JSOC should continue to be straightforward.
Health & Safety: http://jsocstatus.stanford.edu/hk/SDOStatus/index.jsp
Long Term Trending: http://jsocstatus.stanford.edu/hktest/long_term_trending/aia/temperatures.html

EVE Operations
The current EVE operations are ready to support the extended mission science goals. EVE operations
include weekly planning uploads, daily data processing, and data distribution; these are mostly automated
at the EVE SOC at CU/LASP. The EVE public data products (currently Version 5) include photometer
irradiances at a 0.25-sec cadence as Level-1 products, the MEGS spectra and extracted emission lines with
10-sec cadence as Level-2 products, and daily averages of these Level 1-2 products as the Level-3 products.
The EVE team also provides NRT Level-0C products of ESP data and MEGS spectra with latency as low
as 5 minutes to NASA, NOAA, and Air Force space weather operations. The next version of EVE products
will include the latest rocket calibration measurements and will use more accurate SXR spectra from the
MinXSS CubeSat to improve the SXR broad band results from ESP.

JSOC-SDP Operations
The JSOC Science Data Processing (JSOC-SDP) center at Stanford University receives HMI and AIA
raw telemetry from the DDS and archives two copies to LTO6 tapes. The raw data are processed to reconstructed images (Level-0) then to corrected images (Level-1) for both HMI and AIA, all of which is archived. The Level-1 data are the primary science data for AIA and is provided to the JSOC-AVC at
LMSAL. HMI science data consists of magnetograms, Dopplergrams, etc., that are generated from the
Level-1 and then archived. Most HMI science data are available for space-weather use 15 minutes after
receipt and in final form within five days. Additional higher-level processing is required for some HMI
science data products, including helioseismic subsurface flow maps, global internal rotation, meridional
flows, and vector field products including the detailed analysis of the disk passage of each emerging magnetic patch. Most higher-level products are available a day or so after the input data is available.
A processor cluster is available for research computing by local and remote users. On-line storage is
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provided by file servers totaling 3800 TB. The 11,500 TB of archived data reside on tape with 2,200
LTO4/LTO6 tapes in an automated library and the rest stored nearby. An additional 2700 TB redundant
telemetry data archived offsite. The SDO tape archive grows at about 6 TB/day. The JSOC system stores
the image and processing metadata in a PostGreSQL database. The JSOC-SDP also houses the SOHO/MDI
resident archive and IRIS mission archive (not supported with SDO funds).
The JSOC-SDP supports distribution of the HMI and AIA science data to the community. In 2016, the
JSOC-SDP automated web services supported 35k monthly data export requests totaling 24 TB in about
one million files with about 25% of these involving user-specified processing before export. Including the
data distributed to remote data centers the SDP exports about 128 TB/month. The JSOC web portal supported requests from tens of thousands of distinct IP addresses in 2016. Remote clones of the JSOC system
have been set up at fourteen sites in six countries (USA, Germany, France, Belgium, UK, and S. Korea).
The distribution to remote JSOC data systems averages 50 MB/s (4.4 TB/day) with peaks up to 500 MB/s,
supporting typically three streams of AIA and HMI science data. The remote centers facilitate further distribution; one of them, NASA GSFC's Solar Data Analysis Center, serves as the Virtual Solar Observatory
(VSO) interface to SDO data. The VSO fulfills about 167k requests for SDO images each month. AIA data
images and movies and cutout are also available via web and SolarSoft services from the JSOC-AVC at
LMSAL.
The number of people needed to support the JSOC-SDP has been reduced from eleven at launch to five.
The computing hardware has been replaced as part of the ongoing maintenance plan that involves replacements as systems age. The various subsystems including the data capture system, main processing cluster,
database machines, file servers, tape drives, web servers, and infrastructure are all near the beginning of
life so should not need significant investments for the next 2 to 4 years. However, a system with over 1000
processors and 3900 TB of disk, managing more than 10 billion files in 11,500 TB of storage requires
continuing care and support. Over the past six+ years we have had a number of file server failures, power
outages, cooling outages, and other disruptions. While no data have been lost, the more severe events have
resulted in processing delays of several hours to more than a week. These have required many nights and
weekends of extra effort from the staff for quick recovery. At this point we are stretched so thin that overlapping vacations are difficult to manage. We have a number of tasks where only a single person has the
critical skills such that the loss of another staff position will leave us vulnerable to longer downtimes
if/when hardware failures happen.

JSOC-AVC Operations
The JSOC AIA Visualization Center (JSOC-AVC) exists to help researchers find data sets relevant to
their topics of interest; to serve as an open forum where solar/heliospheric features and events can be reported and annotated; to facilitate discovery of statistical trends and relationships between different classes
of features and events; and to avoid overloading the SDO data systems. To achieve these goals, the HEK
consists of registries to store metadata pertaining to observational sequences (Heliophysics Coverage Registry, or HCR), heliophysical events and informatics data products (Heliophysics Events Registry, or HER),
and browse products such as movies. Interfaces for communications and querying between the different
registries are also provided by web services. The Event Detection System (EDS) autonomously orchestrates
a variety of feature and event detection modules in order to populate the HEK with events from SDO data.
The AIA science team also inspects all AIA data to add additional events that are missed by the automated
methods.
The Helioviewer tools at http://www.helioviewer.org/ provide access to HMI and AIA data through the
36-second cadence jpeg2000 images generated at the JSOC-AVC and stored in the JSOC-SDP and Helioviewer archives. Web-based and local Java tools are provided to examine and combine solar data in a
convenient form. They also have interfaces to query the HEK and display the solar events captured there.
Some science and a great deal of public access are accomplished using these tools (including 300,000 movies made in 2016, and 1 million unique users between June and December 2016).
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Budget

We propose an over-guide budget for the SDO Second Extended Mission that accounts for the expected
3% inflation over the mission and for addition of post-docs (one at each institution) to support highly needed
calibration/validation efforts, restoration of some of the daily operations support lost during the first extended mission, and partial support of the new SunPy software library being developed for NASA solar
data sets.

3.1

Plan for Requested Over-guide Scenario

Mission Operations: During the extended missions the data completeness requirement has been reduced
to 90%. The minimum advisable level will be maintained for the FOT and system administration team that
will staff the MOC one 8-hour shift each day. One person will be on-site at the SDO ground station Monday
through Friday. Nights and weekends will be supported in an unattended mode, and handovers and eclipses
will not be staffed.
SDO has been running in a robust and reliable unattended mode since soon after launch. The Alert
Notification Service (ANS) has been used to notify essential people in the event of an anomaly within the
observatory. Anomalies are assigned according to established and agreed-upon guidelines. Spacecraft
anomalies receive a more urgent response than ground-system anomalies.
The MOC will continue to produce mission support data products (e.g., orbital files, instrument and
spacecraft timelines), and distribute those data products via the web. Routine health and status monitoring
and trending of spacecraft housekeeping data will remain the same. Instrument commanding will be restricted to Monday–Friday, as it is not supported in unattended mode. Engineering team support will be on
an as-needed basis.
Ground System: The SDO ground system will continue to provide the services and level of reliability
needed to meet the SDO science objectives during the extended mission. The SDOGS and DDS will continue to provide primary ground station services; the cost of their services must be completely covered
by the SDO budget. No significant changes are planned to the computer infrastructure used to operate the
mission and process data; however, normal upgrades to disk space and tape backup capacity are planned to
continue to provide a reliable system for the operations and science teams. System administration and
ground software support are planned to provide ongoing maintenance for the operational systems. Maintenance contracts will be continued for critical hardware and software elements. RF equipment at White
Sands will be refreshed starting in 2017.
SDO Data Delivery System (DDS): During the extended mission, the DDS will continue to receive and
forward telemetry files to the SOCs. Necessary and required upgrades and replacements continue to be
made with a minimal impact on operations.
Instrument Teams: The instrument teams will operate the instruments, accept data from the DDS and
continue the automated processing and distribution of SDO data products. Science data analysis will be
supported to perform the science plan, concentrating on the PSGs described in Section 1.4, but recognizing
that most of the PSG progress will need to come from outside funding sources. Funding to replace aging
computer systems and to buy more tapes and disks is included in the budget. The rocket underflight calibrations with the prototype EVE are planned to fly every two years, with the next in June 2018. The prototype EVE will have its NIST SURF calibrations in the alternate years (the next in Fall 2017).
SDO Science Data Archive: Final delivery of SDO science data to a long-term NASA archive will be
conducted as part of the completion of the mission data analysis period and is described in the Mission
Archive Plan submitted as part of this proposal.

3.2

In-guide Scenario and Impact Assessment

The extended mission investigation described above is for the over-guide mission scenario. For the in-guide
scenario, this continue the flat budget of $12M per year of SDO’s First Extended Mission. With a flat
budget, the work effort must be reduced each year. Assuming a 3% inflation rate, then the work effort
reduction would be 20% over six years with a flat budget. In other words, there would need to be a reduction
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in force (RIF) of one person out of five, even if all are working part time on SDO, every six years. There
was already a significant RIF of the SDO team for the SDO First Extended Mission; remaining science
(non-instrument) Co-Is were cut from the budget and all others were reduced to part-time support. The SDO
first extended mission cuts have been particularly difficult on the HMI and AIA teams with the loss of two
key HMI instrument scientists, the AIA PI, one key AIA instrument scientist, and a senior member of the
operations team for AIA & HMI. The over-guide budget includes a 3%/year inflation rate so that additional
RIF action is not required during the next extended mission period.
The in-guide scenario would also not support the addition of four post-docs for the SDO project (one
per institution) as planned in the over-guide budget. This modest addition over the in-guide budget would
support well-needed calibration/validation efforts, restoration of some of the daily operations support lost
during the first extended mission, and for partial support of the new SunPy software library being developed
for NASA solar data sets. The impacts without this support are described more in the following subsections.

Mission Operations Over-guide Impact
No over-guide requested, current carryout will be used to refresh RF equipment at White Sands.

AIA Over-guide Impact
The AIA over-guide request consists of two parts. The first is postdoc support for the AIA team to port
AIA Solarsoft IDL routines to Python. There is a structural shift of the astronomy community toward Python usage, so we feel it is timely that Python routines be developed by the AIA team to support the solar
physics community’s transition. A priority is to port the Solarsoft point-spread function deconvolution code
so that user computers with CUDA-enabled graphics cards can perform fast point spread function (PSF)
deconvolution. Leveraging the PyCUDA module, we expect at least a tenfold speedup for this computation
in comparison with IDL. PSF deconvolution will also enable better DEM inversions, which is another routine we plan to implement in Python. Other routines include the spectral and temperature response function
functions. The postdoc will serve as the point of contact between the AIA team and SunPy developers.
The second component of the over-guide request includes a growth of the budget to include yearly inflation at 3% per annum and enables the AIA investigation to maintain an experienced core team, whose
main tasks are operating the AIA and HMI instruments, data calibration and some science (science is mostly
supplemented by external grants). The tight budget of the First Extended Mission (equivalent to the inguide scenario of the current SR cycle, neglecting inflation) incentivized three of our most experienced
members (PI Karel Schrijver, instrument scientist Paul Boerner, and Ops Lead Jake Wolfson) to leave
LMSAL and AIA. We foresee similar levels of risk of experience attrition under the present in-guide
budget. Training new operations staff every few two to three years is a costly effort, reduces institutional
memory, and poses increased risk on the overall goals and resilience of this flagship HSO mission.

EVE Over-guide Impact
The over-guide budget supports a post-doc for the EVE team to do the conversion of EVE SolarSoft
IDL code to Python code for the SunPy project, to produce a new EVE data product for the Doppler velocity
results during flares from MEGS-B, and to better support the calibration rocket activities. Although EVE
was not originally designed for Doppler velocity measurements, MEGS has sufficient spectral resolution
and precision to measure Doppler velocity with an accuracy of about 2 km/s. Hudson et al. (Sol. Phys.,
2011) provides example Doppler velocity flare results from MEGS-A, which provides insight for understanding flare dynamics. The new effort is to provide Doppler velocity data from MEGS-B. The impact for
the in-guide budget is the loss of the SunPy conversion and new Doppler velocity data product and stress
on the EVE team to perform the daily operations and calibration rocket activities with less funding every
year, and/or RIF of one of the current EVE team members to account for a flat funding profile.

HMI Over-guide Impact
The HMI over-guide budget has two components: 1) inflation adjustments to maintain the size of the
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core operations and science team, and 2) training for an additional post-doc to ensure that personnel retirements expected in the next three years do not compromise the integrity of JSOC operations. The minimum
effort-level required exclusively for the SDO-JSOC and for HMI-team support of instrument operations is
about 7.5 FTE. Even at this current level the team is stretched thin for critical tasks. The tight budget of the
First Extended Mission (equal to the in-guide scenario of the current SR cycle) led to the departure of three
of our most experienced members (Jesper Schou, Rock Bush, and Sebastian Couvidat) from Stanford and
HMI. The in-guide FY 18 budget additionally supports < 4.5 FTE for PSG science (3.5 FTE for science
staff and 1 FTE for graduate students), including scientific validation of the data products. Without inflation
adjustments, one team member must be cut every 2-3 years. Even after accounting for accelerated retirements of more-costly senior personnel, the JSOC staffing must decrease below a sustainable level in FY 20
and the first layoff is required in FY 21. The over-guide requests one additional junior staff member to join
the team in FY 18 to allow time for training and to help perform JSOC maintenance and development tasks,
assume increasing responsibility for data-user support, implement JSOC export improvements, add Python
hooks to JSOC capabilities to enable tailored data products for SPP, SO, DKIST, and other HSO elements,
help with calibration improvements of the HMI science data, and contribute to PSG science goals.

GSFC Science Over-guide Impact
GSFC requests support for a post-doc in the over-guide budget. We have been supporting a graduate
student, who has finished their PhD and moved on, some part-time research scientists, and the development
of Helioviewer. We would like to hire an NASA Postdoctoral Program Fellow to work on a project relating
coronal holes to supergranulation that uses SDO data. Allowing for inflation helps to retain the workforce
used to run SDO, the SDO website, and special data events as they arise.

3.3

Budget Detail Explanation

This proposal is an over-guide submission. In Section 3.2 we have detailed how the small requested
over-guide budget yields a large science reward. As shown in Table 3.1, we have asked for over-guides
from 8-12% for the Extended Mission covered by this Senior Review. This small increase in funding results
in a significantly larger group of scientists working on SDO data validation studies and forefront scientific
research, as well as to reduce attrition of the highly-trained team members from the SDO team.

Budget ($1000)
Work Years
(DA)

In-guide
Over-guide
Difference
In-guide
Over-guide
Difference

FY18
12,000
12,908
8%
7.4
11.8

FY19
12,000
13,204
10%
7.2
11.9

FY20
12,000
13,507
12%
7.4
12.1

FY21
12,000
13,819
15%
6.8
12.1

FY22
12,000
14,348
20%
6.6
12.1

FY23
12,000
14,752
23%
6.5
12.2

60%

65%

64%

78%

83%

88%

In-guide

30.6
30.4
29.8
29.6
29.2
28.8
Over-guide
30.7
30.7
30.7
30.7
30.7
30.7
Difference
0%
1%
3%
4%
5%
7%
In-guide
Work Years
38.0
37.6
37.2
36.4
35.8
35.2
(Total)
Over-guide
42.5
42.6
42.8
42.8
42.8
42.8
Table 3.1: A comparison of the SDO In-guide and over-guide, both as budget and equivalent work years.
We want to emphasize that reducing the risk of attrition of highly-trained personnel is a major reason for
the over-guide.
Work Years
(MO)

SDO is unique in having its own dedicated ground system. Over 10% of the Mission Operations budget
is for anticipated repairs of equipment related to the antennas and ground system at the WSC. All of these
fixed costs and mission services can only be managed and are included in the budget.
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Even after the budget almost 40% reduction in budget from the Prime Mission to the First Extended
Mission in FY16, the SDO team collected, archived, and served one of the largest scientific datasets in the
world. The team produced excellent research and supported research by scientists around the world. We
believe this over-guide proposal will keep SDO producing world-class science for another extended mission.
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