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Key Science Objectives for Advancing Flare Forecast Accuracy 
 

Thomas N. Woods (CU/LASP), Amir Caspi (SwRI), Phillip C. Chamberlin (CU/LASP),  
Sarah Gibson (NCAR/HAO), Andrew R. Jones (CU/LASP), James Paul Mason (CU/LASP),  

and Edward M. B. Thiemann (CU/LASP) 
A New York Times headline in 2050 might be “Solar Storm 2050-Ziddler Disrupts 

Autonomous Car Traffic Throughout North America”. The day will come when every major 
solar flare, coronal mass ejection (CME), and solar energetic particle (SEP) event impacting 
Earth will be named and discussed in the news and social media as much as each hurricane is 
discussed today. We have much to learn and apply in solar forecast tools before that day arrives.  

Those who are less familiar with the many space weather forecast tools and techniques may 
want to first read about the 11 flare forecast techniques in the 3-part review by Barnes et al. 
[2016] and Leka et al. [2019a, 2019b] and discussions about today’s 27 different models for 
coronal and heliospheric magnetic fields and the propagation of CMEs on the GSFC Space 
Weather Research Center website.  

There has been great progress in heliophysics over the past several decades of studying the 
sun and its space weather impacts in Earth’s environment. This progress is mostly focused on 
individual events that have already happened and through observations of such events and their 
evolution. What is most limiting in our scientific progress for forecast accuracy is the ability to 
forecast the onset of a solar major event and emergence of new active regions. The keys to 
unlocking this science are truly understanding (1) the creation and evolution of the solar 
magnetic field in complex active regions, (2) how the magnetic field interacts with the solar 
plasma, such as through magnetic reconnection, to release energy and accelerate energetic 
particles, and (3) the global interactions between active regions and other solar features 
that can enhance some events or suppress others. Assuming continued support and interest in 
heliophysics and enhanced space weather coordination across government agencies and with 
international partners, these science objectives will likely be solved before 2050. 

With a three-page limitation for each white paper, a tiny slice of this problem of improving 
forecasts of solar activity is discussed in context of the full-disk solar irradiance, how its science 
has improved over the past 30 years, and how we anticipate it could be improved in the next 30 
years with advances in solar physics. 

 
In 1990, we were data-starved. Over 400 years of ground-based solar studies had revealed 

much about the solar surface: the photosphere, the convection cells, and the daily variations of 
the sunspots and associated faculae. The first 45 years of space-based observations, which were 
mostly from sounding rockets, tantalized us about the solar transition region and corona, and 
energetic eruptions that we generally identify now as flares, CMEs, and SEPs. Some of the most 
accurate forecasts of the time were related to what had just happened, such as, was there a flare 
yesterday and what are the active regions on the solar disk now. The primary monitor of solar 
activity was the X-Ray Sensor on NOAA GOES satellites. The other solar spectral irradiance 
observations were in the far and middle ultraviolet, and those were funded by Earth Science for 
studying daily changes in Earth’s atmosphere, such as for the ozone hole. Many of the ideas and 
the science incorporated in today’s heliophysics models, such as magnetic reconnection, solar 
dynamo, helioseismology, and MHD theory, were maturing rapidly but lacked the observations 
in wavelength and time coverage, as illustrated by all of the red blocks in Table 1.  
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Table 1. State of the Solar Irradiance Research / Understanding in 1990 
Red = No routine (daily) observations or poor forecast accuracy.  

Yellow = Limited observations and limited accuracy for forecasts. 
Green = Routine observations and good accuracy for forecasts. 

λ Range HXR SXR EUV FUV  
Prediction Reliability     Notes 
Flares     SXR: 50% or less success 
27-day Solar Rotation     Estimates using last rotation 
11-year Activity Cycle     Estimates using last cycle 
Secular Variability     No reliable dynamo model 
Observation Cadence     Missions 
Minutes      

SXR: GOES 
 
FUV: SME (ES mission) 

Hourly     
Daily     
Long-term Trending    Cal Rkt 

 
Table 2. State of the Solar Irradiance Research / Understanding in 2020 

λ Range HXR SXR EUV FUV  
Prediction Reliability     Notes 
Flares     Mag. Field: 60% success 
27-day Solar Rotation     Use of far-side imaging 
11-year Activity Cycle     Limited view of polar fields 
Secular Variability     No long-term dynamo model 
Observation Cadence     Missions 
Minutes     HXR: RHESSI (ended 2018) 

SXR: GOES, MinXSS 
EUV: SDO, TIMED 
FUV: SORCE, TIMED 

Hourly     
Daily     
Long-term Trending  Cal Rkt Cal Rkt Stars 

 
In 2020, we are reaping science-rich results with the big data sets from the extensive 

Heliophysics System Observatory (HSO). As summarized in the 2020 NAS report about the 
Midterm Assessment of the 2013 Decadal Survey, the HSO includes now 26 NASA satellites 
and 19 NSF ground-based facilities (plus several more science CubeSats from both NASA and 
NSF). All of these new observations and new data analysis techniques to handle big data (e.g., 
machine learning) are being used to improve the model accuracies and are thus a major factor for 
why most of the boxes are green or yellow in Table 2. From an irradiance viewpoint, the 
TIMED, SDO, and SORCE satellites have filled the EUV Hole [Donnelly, 1987] with X-ray 
(XR: 0.1-10 nm), extreme ultraviolet (EUV: 10-115 nm), and far ultraviolet (FUV: 115-200 nm) 
measurements since 2002. Some highlights of recent heliophysics results are described in 
Appendix E of the 2020 NAS Heliophysics Midterm Assessment report and so do not need to be 
repeated here. Routine solar magnetic field observations (i.e., NSF GONG and SDO HMI) along 
with helioseismology analysis for far-side imaging, the STEREO far-side solar EUV images, and 
improved understanding of the solar dynamo (both deep and shallow effects) are foundational in 
improving solar eruption and activity forecast accuracies. But the forecast improvements have 
been frustratingly smaller than anticipated, yielding only modest improvements to skill scores 
when compared to climatological forecasts, despite the latest machine learning tools being 
applied [Barnes et al., 2016]. Today, we are in a state similar to the terrestrial weather forecast 
industry 40 years ago: we have some routine but incomplete observations and correspondingly 
limited and compartmentalized models [Alley et al., 2019]. The steady increase of global 
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weather observations and unification of models have resulted in today’s 5-day terrestrial weather 
forecast being as accurate as 1980’s 1-day forecast.  

To achieve the desired state of progress for solar irradiance understanding by 2050 as 
depicted in Table 3, the three fundamental science objectives noted on page 1 need to be 
addressed. Breakthroughs for better understanding the creation and evolution of the solar 
magnetic field in complex active regions are expected with new (first-time) observations of the 
solar magnetic field from off the Sun-Earth-line in combination with improved (more accurate) 
solar dynamo models. Solar polar observations are particularly important for dynamo 
breakthrough, since the still-largely-unknown strength and structure of polar flows and magnetic 
fields hold the key to the Sun’s dynamical regime and the nature of poloidal flux generation. 
Multi-point observations and new enabling technologies, including new spectroscopic and 
imaging techniques and instruments, are critical for breakthroughs in understanding how the 
magnetic field interacts with the solar plasma to release energy and accelerate energetic particles. 
The NASA Parker Solar Probe, ESA Solar Orbiter, and NSF DKIST are examples of near-future 
enabling observations. The advanced magnetic field observations from DKIST and new 5-
dimensional (2 spatial, 2 spectral, time) observing techniques with integral field spectrographs 
(IFS) (e.g., Chamberlin & Gong, 2016) are two examples of near-future enabling technology, 
plus all of the new technology not yet invented. Global interactions between active regions and 
other solar features, which is a key discovery from SDO, are also anticipated to be understood 
with new off-the-Sun-Earth-line observations of the solar magnetic field and coronal EUV 
images. Breakthroughs on these science objectives may also be able to address, at least partially, 
the elusive long-term (secular) dynamo processes. Scientific advancements in these areas 
using the aforementioned new technologies and analysis techniques will help improve solar 
irradiance observations and predictions at all time and wavelength domains by 2050. 

 
Table 3. Desired State of the Solar Irradiance Research / Understanding in 2050 

λ Range HXR SXR EUV FUV  
Prediction Reliability     Prediction Needs 
Flares     80% success for predictions 
27-day Solar Rotation     Multi-point observations 
11-year Activity Cycle     Better dynamo models 
Secular Variability     Long-term dynamo model 
Observation Cadence     Irradiance Observation Needs 
Minutes     H/SXR: SpWx operational 
Hourly     EUV: SpWx operational 
Daily     FUV: SpWx operational 
Long-term Trending     Multi Obs. / Cal rockets 
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