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Abstract

Gaps in space weather observations that can bessddl with small satellites are identified.

Potential improvements in solar inputs to space theamodels, space radiation control,

estimations of energy budget of the upper Earthisoaphere, and satellite drag modeling are
briefly discussed. Key observables, instrumentsabsirvation strategies by small satellites are
recommended. Tracking optimization for small sétslis proposed.

1 Introduction

The updated National Space Weather Strategy andmBtan formulates its Objective II
as the task to develop and disseminate accurateéiraety space weather characterization and
forecasts, including regional and global charaztgion of space weather conditions (NSTC,
2019). Meeting the Obijective requires space weatt@ritoring from ground and space (Knipp
& Gannon, 2019). Due to continuing improvementsinall satellite (SmallSat) technologies,
SmallSat missions are gaining more interest astisaki to address long-standing scientific
problems and operational needs (Moretto & Robin2008; NASEM, 2016).

The World Meteorological Organization (WMO) prodagequirementsfor observations

of physical variables in support of all WMO Progsanmcluding space weather. The requirements
are rolling and are regularly reviewed by the WM@et-Program Team on Space Weather
Information, Systems and Services (IPT-SWelSS), sshanembers are experts typically
representing national operational space weatheererrhe requirements emphasize near-real
time space weather operations. IPT-SWelSS assessimditate that the WMO requirements are
often poorly met by the existing observation netwvand gaps could be very effectively filled by
observations from a SmallSat constellation.

The WMO requirements are a means by which improwesndo space weather
observations can be advocated, which requires gmwmdmunication between forecasters,
instrument developers, and researchers. Howevearh maore work needs to be done to publicize
the WMO requirements list, especially in the Smatll€®mmunity. By using the requirements as
a focus for SmallSat design, we can work togetheremneffectively to fill the gaps in the
observational network, and to enable SmallSat elsiens to be increasingly useful for research
and operational applications.

The P! International Workshop on SmallSats for Space WaraResearch and Forecasting
(SSWRF), held in Washington, DC on 2017 August brdught together experts in heliophysics,
space physics, space weather operations, andd-diakes to help identify how SmallSats could
fill current gaps in space weather understandind) fanecasting. Those findings are discussed
here.

2 Current Gapsand Recommendations

SmallSats have a potential to enable cutting-e@fjeghysics science (NASEM, 2016). A
number of successful missions have already denaiedtisuch capability (Spence et al., 2020),
and many future missions have been funded or peghascluding a number with direct relevance
to space weather science and operations (e.g.j €asp, 2020; Klenzing et al., 2019). Some of
the key advantages of using SmallSats for progrgssliophysics science are their high-heritage

1 http://www.wmo-sat.info/oscar/applicationareas/vigsv
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technology, rapid replaceability, low cost, and stetiation opportunities for distributed
measurements. These advantages can be utilizéldhbe important data gaps listed below. Table
1 lists several key observables that can be aathieitd instruments launched on SmallSats, and
additional advances in critical enabling technadsgwill further enhance SmallSat capabilities for
space weather operations (Klumpar et al., 202@jifination and additional considerations for the
observables are provided below.

2.1 Solar inputs of space weather models

One of the ongoing concerns for space weather bpesais the reliance of forecasting
models on data inputs from research-type instruatiemt. The inputs are of a critical nature, such
as the key parameters of solar flares (e.g., sgdantadiance) and CMEs (e.g., occurrence, initial
speed, direction), which constitute the main dsvef space weather, and solar photospheric
magnetic fields that are essential for establiskivegbackground state of the heliosphere.

Solar telescope designs are mature with well unaedsmeasurement requirements. Many
telescopes can be readily miniaturized without campsing their space weather value; some
already have been. For example, MiniCOR (Korendskal., 2015), a 6U Cubesat-compatible
version of the STEREO/SECCHI COR2 coronagraphill@ilNOAA’s operational requirements
for a coronagraph, except for the extended lifetneguirement for operational payloads. The
recently-selected PUNCH Small Explorer will alsalude a miniaturized coronagraph and three
wide-field imagers, all on SmallSat platforms (§&spi et al., 2020). Soft X-ray spectrometers
such as those flown on MinXSS (Mason et al., 20/@pds et al., 2017), a 3U CubeSat, can
provide detailed spectral irradiance diagnosticBasés and active regions for better modeling of
Earth ionospheric reactions to solar soft X-rayiiog (see also Sec. 2.3).

The limited lifetime and/or robustness of SmallSeds be addressed by frequent unit
deployment and replacement via rideshare, and/olti-omit deployment strategies. Small
satellites can enable particularly novel inputsrfi@UV (information on the pre-eruptive structure
and initial eruption stages) and soft and hard Kimagers (plasma composition and particle
acceleration) from off-Sun-Earth line viewpointsg(e from Ls; Vourlidas, 2015). Although
SmallSat-sized EUV and soft/hard X-ray imagers amdging spectrometers, and Doppler
magnetographs, have been discussed in the saecdiinmunity, no such instruments have yet
been funded or flown. The development of such numized designs would greatly benefit our
understanding of space weather modeling inputs, thé ultimate goal of acquiring a standardized
set of small satellite space weather sensors d@share deployment in Sun-synchronous polar
orbits or interplanetary orbits (taLLs, or elsewhere).

2.2 Space radiation operational control

Space radiation poses major hazards for sateifitdsding spacecraft charging (surface
and internal), radiation dose, and single-eveneat$f (Schrijver et al.,, 2015). Continuous
monitoring of energetic particle fluxes in geosp&oen solar energetic particles (SEPs), galactic
cosmic rays (GCRs), and radiation belt (RB) pagticis well as auroral low-energy particles, is
crucial to mitigate space weather radiation riskadcordance with WMO directives. Increases of
SEP or trapped energetic electron fluxes by 2—érsrdf magnitude can occur after solar flares or
after passage of high-speed streams, respectebct flux measurements are the most effective
way to mitigate space weather risks. In-situ SEBnewetections by existing space weather
services are now performed by spacecraft locatéukisolar wind (e.g., ACE) or at Geostationary
Earth Orbit (GEO). Multi-satellite observations $yall satellites in low Earth orbit (LEO) can
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significantly improve SEP event detection and gn®rmation on the size of the polar area
accessed by SEPs.

The outer (electron) radiation belt (ORB) is thesindynamical part of Earth’s radiation
environment. Relativistic and sub-relativistic ORBctrons contribute to total ionizing dose and
internal charging, leading to electrostatic disgeathat can damage spacecraft or destroy
instrumentation. Existing empirical models of E&thadiation belts (Vette, 1991; Ginet et al.,
2013) are unable to reproduce significant shortitgariations of the energetic electron fluxes
during magnetospheric disturbances and cannot &@ insoperational space weather services.
Numerical models like VERB (Shprits et al., 2009 anot so fast for real-time services.
Reproduction of fluxes over the whole ORB requiresitu monitoring of all magnetic L-shells.
This can be done by polar LEO satellites (e.g., BQson, SAC-D, Meteor M), but particle flux
distributions are quite complex: one needs simebas spatially-distributed measurements.
Multiple measurements performed by identical lowgtc®mallSats at different longitudes and L-
shells provides knowledge of locations of high atidn risk areas and electron flux values.

Simultaneous multi-point observations provide eberelopportunities for early detection
of the both SEP and ORB radiation event onsetsedisas strong auroral particle precipitation.
Radiation events can continue from several hourseteral days. Early detections of SEP and
ORB events give more time to protect satellite tetexccs against environment factors. SmallSat
constellations could thus improve data coverage @ost-effective, yet comprehensive, way not
available via existing, more conventional methddata assimilation RB models (see Bourdarie
et al., 2007) depend strongly on data volume andllSaxt data would be useful for overcoming
deficiencies in such modeling.

Key parameters needed for space radiation mongoaie listed in Table 1. Several
detectors with different orientations can measutehgangle distributions and reconstruct the
particle fluxes in the whole inner magnetosphereis s the approach of the Moscow State
University “Universat-SOCRAT” project to develop system of SmallSats for operational
monitoring of radiation conditions in near-Eartlasp (Panasyuk et al., 2017).

2.3 Constraining the energy budget of the Earth’s uppgmosphere

The Earth’s ionosphere and upper neutral atmosgrerdriven from above (solar wind and
magnetosphere) and from below (middle and lowemaphere). First-principles models of the
coupled ionosphere-thermosphere (IT) system aréthedation of many forecasting efforts and
rely on accurate driver specifications (Mannucciakt 2016). Since the IT system is highly
sensitive to driving (e.g., Siscoe & Solomon, 2006 ertainties in energy inputs and energy
budget drive large errors in modeling of IT stdderig et al., 2013; Verkhoglyadova et al., 2017)
and potentially its forecasting (Verkhoglyadovalkt 2020). Mannucci et al. (2020) emphasized
the need for continuously available low latencyestations directly relevant to space weather.
There is growing observational evidence that witlcmmsidering energy transport at multi-scales,
energy input into the ionosphere may be underegun@haston et al., 2005; Huang et al., 2017,
Miles et al., 2018; Zhu et al., 2018; Ozturk et 2020).

There is a need for dedicated mission focused denstanding magnetic and electric field
variability and providing energy inputs at mesossdhat will improve accuracy of first-principles
models and their predictive capability. A Small§at Cubesat) constellation targeting the high-
latitude ionosphere between 100 and 600 km alti&umteemploying in situ (see Table 1) or remote
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sensing measurements (e.g., Yee et al., 2017) wwoldde an integration of SmallSat-based
information and quantitative improvement of thecgpweather modeling framework.

Moreover, there is a lack of understanding of thlarssoft X-ray spectral irradiance that is
both variable (Rodgers et al., 2006) and strongigdcts the Earth’s ionosphere-thermosphere-
mesosphere (Sojka et al., 2013, 2014). Moderatdtrigsn measurements (e.g., Caspi et al., 2015;
Moore et al.,, 2018) at both short (flaring) anddofsolar rotation) timescales are needed to
understand this critical energetic input to thetlEarupper atmosphere. Several suggested key
observables are listed in Table 1.

2.4 Improvement of satellite drag models

Another area of space weather that can benefit fildmallSats is satellite drag
estimation. Changes to the exospheric temperatuedpcal composition of neutral species, and
to their net motion modify the atmospheric densitgnce the drag on satellites. Errors in the
modeling of drag have important consequences osioms, particularly in terms of collision
avoidance (Bussy-Virat et al., 2018) and missitatilne. However, these parameters have hardly
been measured since Atmospheric Explorer and DyssaBxplorer. Global measurements of the
neutrals and winds are missing, which affect thidoiction of the models and the fidelity of
predictions (e.g., Vallado & Finkleman, 2014). A V@MVanalysis of the existing observations
network rated it in general to be poor for operaicuse.

Semi-empirical thermosphere models, such as thg Desnperature Model (Bruinsma,
2015), are already used widely for operationaldatons of satellite drag. While the results are
reasonably good, there are questions regardingahsistency of the accelerometer observations
on which they are largely based (e.g., March eR8ll19). Measurements of total neutral pressure,
temperature, mass composition, and winds wouldetbex be useful in constructing the next
generation of satellite drag models. These newaatalso be added to data assimilation systems
(e.g. Murray et al.,, 2015; Elvidge & Angling, 201@hich are being developed to run in
conjunction with physics-based models and whicleiptmlly can supply better thermospheric
analyses than semi-empirical models. The developmeminiaturized instruments — such as
neutral pressure sensors (Bishop et al., 2019)ralenass spectrometers (Rodriguez et al., 2016),
neutral wind meters (Earle et al., 2018), and Fd&exot Interferometers (Harlander & Englert,
2020) — can provide multiple opportunities to captumew information about the neutral
atmosphere (see Table 1). Short-term missionsvioaltitudes (250-500 km) in the high-drag
regime become more feasible as the relative costhe$e platforms drops. Additionally,
constellations of measurements can help capturedhglex spatio-temporal reaction of the
thermosphere to magnetic storm inputs, ranging fremdreds of km up to global scales. See
Caspi et al. (2020) for a more detailed discussion.

Constellations of SmallSats equipped with GPS wetsican also improve the estimation
of atmospheric density. By applying filtering tedures (Chen & Sang, 2016) to the ephemerides
of each member of the constellation, small scaktufes and short temporal variations in the
density can now be detected. For example, the G¥clBlobal Navigation Satellite System
(CYGNSS) mission (Ruf et al., 2013), a constellatd eight SmallSats whose primary goal is to
measure winds in cyclones, is used to estimatalémsity at ~500 km. In addition, high-drag
maneuvers are carried out to control the trajeesoof the CYGNSS satellites. These maneuvers
imply different magnitudes of the drag force, thins differing effects on the satellite trajectories
can be used to improve the accuracy of the deasttynation in the filtering algorithms.
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2.5 The role of ground support in tracking optimizatiofor SmallSats

Since the beginning of the CubeSat era arounde¢he 3005, the platform capabilities and
the mission coverage are the two main critical {sowhich need to be addressed in the system
communication design for LEO missions. In additispectrum congestion areas around Ground
Station (GS) facilities should be considered facking optimization of a successful mission.

Increasing telemetry volume and decreasing datadgtcan enhance the use of SmallSats
in LEO for space weather applications. Some impmoes can be achieved through optimized
site selection when deploying or choosing groumatiats (GSs). For any single GS, the antenna
elevation mask (i.e., view to the sky), customitmedh mission’s radio frequency band, is the most
relevant and impactful parameter. Recently-develope tools and techniques can accurately
determine the elevation mask based on surroundavg ebstruction and RF interference sources.
This enables determination of optimal antenna pfe®, taking into account mission
performance requirements and facility constraiatgj can increase satellite visibility by up to
50% in built-up, urban environments (Nieves-Chitlahet al., 2017, 2018). Utilizing a network
of distributed GSs provides significant additiobahefit, increasing available downlink by 5-10
times when the longitudinal distribution of thetsias is optimized to minimize overlap and
maximize visibility. For example, SatNet can hagonstruct the necessary telecom infrastructure
to enable the sharing of radio amateur GSs betWedreSat operators (Tubio-Pardavila et al.,
2016). Alternatively, some recent SmallSats havelenase of real-time satellite-to-satellite
communications (e.g., GlobalStar, Iridium) to emabtal-time downlink separately from GS
visibility, albeit at relatively low data rates. U¢hpar et al. (2020) discuss additional technoldgica
advances in communications and data analyticsstbald improve SmallSat capabilities for space
weather operational capacity, while Nieves-Chirlahdt al. (2020) discuss relevant issues that
must be considered for international coordinatég,, for frequency licensing and/or deployment
and use of widespread GS networks.

Advances in CubeSat technology, design of consimlidormations such as the LAICE
CubeSat mission (Westerhoff et al., 2015) and tB8@project (Gill et al., 2013), and utilizing a
network of distributed GSs such as the SatNet proj€ubio-Pardavila et al., 2016) have
positioned CubeSats as an alternative for spacthereaxploration. Feasibility of both real-time
and non-real-time telemetry technology for Small@atforms needs to be explored. Low-latency
or constant downlinking is critical for time-sems observations, e.g., alerts for solar flares,
CMEs, and SEPs, while less critical, but more d=daiinformation can be downlinked in a
traditional manner with higher latency. The needath volume and the need to support SmallSat
missions, tracking and control operations, hasrginge to a major relevancy on GS locations and
design in urban environments. The tracking optitnracould maximize the satellite access times
and therefore enhance space weather operationsnaledstanding with SmallSats platforms.

3 Summary

We have identified several current gaps in spaeather understanding and operational
needs that can be addressed with Small®#&stecommended key observables, instruments and
observations strategies that can enhance spackevegierations in several domains.
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Observables

I nstruments

Small-Sat Strategy

Solar flare occurrence &
intensity

Soft X-ray irradiance &
variability (forcing of
Earth ITM)

Soft X-ray spectrometer (0.5—
15 keV,>64 channels)

FOV: ~1° [full disk + lower
corona], spatially integrated, few
sec cadence

Small-to-medium constellation, 3—6U
bus, sun-pointed, 3-axis stabilized;
LEO,; real-time satcomm (e.qg.,
GlobalStar) for low-latency alerts &
_lightcurve downlinks

CME occurrence

CME speed at 20R

CME direction

White light coronagraph (FOV:
3-20 R;, spatial resolution: 30—
60 arcsec; cadence: 15-30 min

Adapt Mini-COR or CCOR design to
6—-12U bus. ESPA-compatible.

Ruggedize for deep-space applicatio
Sun-Sync Polar or 1 AU drifting orbit

Same as above but deploy >30° fron
Sun-Earth line

Photospheric Magnetic
Field

LOS magnetograph (FOV: full
disk, spatial resolution: 2—
4 arcsec)

12U bus. Adapt Solar Orbiter/PHI da
reduction FPGA code for onboard
analysis.

Electron flux monitoring
in the ORB
and in auroral region

Particle detector (0.1-4 MeV)
Particle detector (0.5-20 keV)

Altitude range: 600—-2000 km, access
L > 10, time resolution <10 sec.; ]
4 energetic channels for each hig

SEP flux monitoring in
polar cap

Particle detector (1-100 MeV)

energy detector. 5-10 channels for Iq
energy detector.

Magnetic field in the
Earth’s ionosphere

3-component DC magnetometel
ULF frequency range from
~1 mHz to ~5 Hz

Electric field in the
Earth’s ionosphere

Electric field sensor, the same
frequency range, magnitudes uf
to 200 mV/m.

LEO high inclination orbit, altitude
range of the ionospheric
measurements:100-600 km

Total ion density,
ion/electron
temperatures in the
Earth’s ionosphere

Langmuir Probe, Retarding
Potential Analyzer

Upper atmosphere
parameters (total neutra
pressure, temperature,
mass composition,
winds, total electron
content, flux of

molecular oxygen)

Neutral pressure sensors, neutr
I mass spectrometers, neutral wir
meters, flux probe

alShort-term missions to low altitudes
d250-500 km), high drag regime,
ability to resolve from hundreds of kn
to global scales.

Table 1. Key observables for space weather science anciiqes that can be provided with

SmallSat missions.
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