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Forecast Ey.7 for Improved Low-Earth-Orbit Satellite Operations
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Low-Earth-orbit satellite operators often require accurate and precise knowledge of their spacecraft location
and attitude for the recent past, the present, and the near future. The same is true of space surveiltance operators
tracking space debris with low perigee orbits. Unwanted orbital and attitude orientation changes occur as a result
of drag and perturbations that are related to atmospheric density changes. These changes are primarily induced by
solar extreme ultraviolet irradiance variations and geomagnetic storms, that is, one of the effects of space weather. A
method for improving low-Earth-orbiting satellite operations and space surveillance tracking has been developed
using the SOLAR2000 empirical solar irradiance model. SOLAR2000 is an operational grade solar irradiance
specification model that provides high time resolution, nowcast, and forecast solar irradiances including the Eyg.7
proxy. Eyy,7 is a replacement for 10.7-cm solar radio flux 147 in atmospheric density models that are linked with
orbit determination algorithms. Recent previous validation work shows the improvement of using daily Eqg.7 vs
F19,7 for satellite orbit determination. The operational application and use of the E19.7 proxy are described in this

work.

Nomenclature

E(t) = integrated energy flux, 1-105 nm in the same units as
I (A, t) and specified as a function of time

Ejp; = integrated solar extreme UV energy flux at the top
of atmosphere and normalized to solar flux units

Flo7 = 10.7-cm solar radio flux, solar flux units (sfu);
lsfu=1x10"2 Wm™2 Hz™!

I(h,1)= energy flux, ergs cm™2 s~! AL~! full-disk solar
radiance specified as a function of wavelength and time

Qeuv = thermosphere heating rate, ergs cm ™2 s~ v

S(t) = integrated solar spectral flux, specified as a function
of time and sometimes called the solar constant

H = time designator

A = wavelength interval, nm

o = one standard deviation designator

Introduction

HE low-Earth-orbit (LEO) region of near-Earth space between

100- and 1000-km altitude is populated with civilian and mili-
tary satellites. These spacecraft are critical links in commercial, re-
search, and defense infrastructures, and their population has grown
as a result of the remarkable technological advances in the past
five decades. Partly as a consequence of size, mass, and perfor-
mance improvements that have been incorporated into newer gen-
eration spacecraft, satellite operators increasingly recognize risks
to their space and ground systems from the space environment.
Risks to space assets -predominantly come from-the sun’s photon
and charged particle interaction with the near-Earth space environ-
ment and with space systems operating in that environment. The
short-term dynamic and variable nature of the sun’s influence on
Earth is called space weather and is the major environmental cause
‘of model error in satellite orbit perturbations. Space weather can per-
turb satellite attitudes and trajectories, can cause interference with
high-frequency (HF) radio links, can degrade global positioning sys-
tem (GPS) location accuracy as- the signal propagates through the
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Earth’s ionosphere, and can adversely affect spacecraft electronics
performance through charged particle effects. Several of the LEO
satellite operator’s major risks in relation to space weather events,
their requirements to mitigate those risks, the time regimes related
to the requirements, and availability of methods for meeting the
requirements are listed in Table 1.

Over the past decade, scientific knowledge about the sun’s effects
upon the Earth has progressed to the point where space weather
operational systems have been developed from space physics mod-
els. These systems are increasingly able to mitigate risks from the
space environment. More important, the input data sources that are
required to drive the models underlying these systems are now suf-
ficiently operational so as to enable a short-term forecast capabil-
ity with quantifiable uncertainty. Several types of space environ-
ment models, for example, solar irradiance, ionosphere, and upper-
atmosphere density models, are now coupled with orbit propagators
for operational use. SOLAR2000 is an example of such a model
at the front of the chain of linked operational applications. (Docu-
mentation for the SOLAR2000 research grade model and a down-
loadable software application that runs the model is available from
http://SpaceWx.com.}

Variations in solar extreme ultraviclet (EUV) irradiances, on
timescales of minutes to years, impact the upper-atmosphere regime
that is often part of space and ground systems’ operations. These
irradiance variations affect satellite operations and mission plan-
ning activities, for example, by changing the neutral constituent and
electron densities. When solar activity is high, the EUV irradiances
heat and expand the Earth’s upper atmosphere with a time lag of a
few hours as well as increase the total electron content (TEC) and
change the peak ionization layer locations within a few minutes.
The effect of the former process is to increase atmospheric drag
and to increase orbital decay rates of spacecraft and debris. The ef-
fect of the latter process is to disturb HF radio communications and
contribute to increased range uncertainty in GPS single frequency
signals. '

EUV heating is the major source of uncertainty within satellite
drag models. Because of the scarcity of EUV measurements, the
10.7-cm solar radio flux Fyq 7 has traditionally been used as a proxy
for solar EUV heating. Although it was known at the beginning of
the satellite era that /o ; does not contribute to atmospheric heating,
ionization, or dissociation processes, it became a useful surrogate
for solar EUV emissions in empirical relationships. It is often used
as the solar variation driver in atmospheric density analytical and
empirical models linked with orbit propagators.

The existing models using Fyy7, for example, Jacchia-type
or mass spectrometer incoherent scatter (MSIS) models, have
reached a 15% statistical uncertainty barrier in their neutral density
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Metadata:
Tin x10-04 + 1366.05 Watts per meter squared
F10, F8]1 are daily and 8l-day solar 10.7 cm radio flux
‘in %10-22 Watts per meter squared per Hertz
Lya, L81 are daily and 8i-day Lyman-alpha
in x10+09 photons per centimeter squared per second
E10., EB1., E3h. B3h are dailv. 8l-dav. 3-hr. 3~hr-ava E10.7
SRC is the data source (Historical, Issued, Predicted)
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LS SET LYY

#YYYYMMDDhhrm S_C F10 F81 LYA LE1 E10 E81 A p E3h B3h a3h Els als SRC
# ____________________________________________________________________
200109301200 561 216 238 601 593 226 228 48 226 228 18 11 31 I
200109302500 561 216 238 601 593 226 228 48 226 228 48 11 31 I
200109301800 561 216 238 601 593 226 228 48 226 228 67 11 31 I
200110011500 562 216 238 601 593 228 228 52 228 228 27 10 31 P
200110011800 562 216 238 601 533 228 228 52 228 228 15 10 31 e
200110012100 562 216 238 601 593 228 228 52 228 228 48 10 31 P
200110020000 562 216 238 601 553 228 228 52 22% 228 32 10 .31 P
200110020300 562 216 238 601 593 228 228 352 229 228 48 10 31 P
200110020600 562 216 238 601 583 228 228 52 229 228 67 10 31 3
200110020900 562 216 238 601 553 228 228 52 229 228 27 10 31 P
200110021200 561 225 238 595 593 228 228 69 229 228 22 22 31 P
200110021500 561 225 238 595 593 228 228 69 229 228 32 22 31 P
200110031200 555 199 237 580 593 215 228 17 225 228 111 23 31 P
200110031500 555 199 237 5%0 593 215 228 17 224 228 111 23 31 P
200110031800 555 199 237 590 593 215 228 17 223 228 39 23 31 P
200110032100 555 199 237 590 593 215 228 17 221 228 48 23 31 P
200110040000 555 199 237 590 593 215 228 17 220 228 32 23 31 P
200110040300 557 168 237 RAN RGI 215 29298 17 218 228 a 22 D

Mg 11, the chromospheric proxy, because the data are available at
asynchronous and sometimes irregular epochs. In other words, a
new solar spectrum and a new E,q; is nowcast and forecast every
hour.

For the operational grade model the 20UT £y ; “observed” values
are used after official NOAA/SEC release (“Issued” data in Fig, 3).
These data are adjusted neither to 1 AU nor for flare effects. For the
research grade model the World Data Center adjusted data are used,
that is, the Fyy7 is adjusted to 1 AU with flare effecis removed. In
2001 and 2002 the Mg II core-to-wing ratio data from the NOAA
16 SBUV instrument were released by NOAA/SEC once per day,
Hence, the proxy information is currently oversampled.

This information cadence will change starting in 2002 with the
launch of the NOAA 17 SBUV. That spacecraft will become the
prime operational satellite, and NOA A 16 (as the secondary satellite)
SBUY data will become available at a higher cadence, Even more
dramatic improvements to the cadence will occur in 2004 with EUV
data 1o be provided by five broadband detectors on the GOES-N
spacecraft. The GOES-N EUV data will have a 5-min cadence such
that flare information at high time resolution will be captured sim-
ilar to the GOES 1-8 A data that are now available. SOLAR2000
will generate a detailed EUV spectram using the GOES-N data be-
ginning in 2004, and the Fyg; and Mg IT proxies will continue to be
collected as redundant proxy data sets.
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Table 1 LEO satellite operator requirements, time regimes, and capabilities

Requirement

Time regime

Capability status®

Quantify environmental risks and conduct postanalysis studies
Specify system requirements and conduct calibration
" or validation studies )
Monitor space weather background state and events
with watches warnings, and alerts
GPS location error mitigated by near
real-tite scintillation and irregularity information
Specify high time resolution (minutes to days) solar
irradiance variability for thermospheric neutral densities
and ionospheric electron densities
Specify near-term (days to months) solar irradiance

variability for thermospheric neutral densities
and ionospheric electron densities
Specify HF radio paths and probabilities of links
Specify high-precision orbit location knowledge

Specify high-precision attitude and pointing capability
Specify debris location knowledge and avoidance capability

Historical Available now
Historical Available now
Nowecasi/forecast  Available now
Nowcast/forecast  Available ~2005
Nowecast/forecast Available now
Nowcast/forecast Availab!e now
Nowcast/forecast  Available ~2003
Nowcast/forecast  Available ~2003
Nowcast{forecast  Available ~2003
Nowcast/forecast  Available ~2004

“Based on reported capabilities at NOAA/SEC Space Weather Week, Boulder, CO, Aprit 2002.

specification compared to derived densities from satellite drag
(F. Marcos, private communication, Monterey, CA, Aug. 2002).
This batrier represents a practical limit of Fio7 proxy capabil-
ity for specifying solar irradiances, The limitations of Fipy are

not surprising because it has no physical connection to the upper
atmosphere; it only marginally represents solar EUV irradiances

because it is dominated by solar coronal emission processes and
will not capture temporal changes of less than a day. The solar
irradiance information batrier, using only Fjq7, can now be re-
moved using the 57 proxy. A description of the methodology
used to create the proxy as well as its operational applications is
described.

Methodology

The E o7 proxy is generated by the empirical SOLAR2000 irra-
diance model. The SOLAR2000 model is developed as a collabora-
tive project for accurately characterizing solar irradiance variability
across the spectrum,>? The overarching scientific goal of the SO-
LAR2000 project is to understand how the sun varies spectrally and
through time from the x rays to the infrared wavelengths. A primary
project task is to develop a full-disk proxy-based and image-based
empirical solar irradiance model that is valid in the spectral range of
1-10,000 nm for historical modeling and for forecasting throughout
the solar system.

SOLAR?2000 irradiance products are useful as fundamental en-
ergy inputs into planetary atmosphere models, for comparison with
numerical/first principles solar models, and for modeling or pre-
dicting the solar radiation compenent of the space environment.?
SOLAR2000 is compliant with the International Standards Orga-
nization solar irradiance draft standard CD 21348.* Temporal and
spectral information from the model expands the scope of our knowl-
edge about the quiet and variable sun, providing a comparative
database for future studies of the sun’s changes and its envelope
of variability.” The SOLAR2000 model also represents an archive
of information from multiple instruments, captured across many
spacecraft and rockets, spectral bands, and periods of time. This

- archival aspect is a unique contribution of SOLAR2000 and ful-
fills two primary model purposes, that is, to preserve a knowledge
bridge from historical measurements to eventual first principles’
representation of solar irradiances and to provide solar irradiances
for research and operations. SOLAR2000 has been identified as an
important element in meeting U.S. national operational space sys-
tem requirements for space weather information and forecasting of
the near-Earth space environment.

The operational grade version of the SOLAR2000 model is de-
veloped for use in operations and forecast applications. It utilizes
real-time solar irradiance proxy inputs of the Fy; for coronal emis-
sions and the Mg 1I core-to-wing ratio for chromospheric emissions
in the time frame between 2000-2003. Beginning in 2004, the model
will use GOES-N EUYV broadband data to generate the EUV portion
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Fig. 1 Panel a) shows the three-day forecast solar irradiance proxy
E 9.7 with two previous solar rotations (54 days), and panel b) compares
current epoch with historical solar cycle 23 values.

of the spectrum. The model produces historical, nowcast, forecast,
and high time resolution solar irradiances tailored for specific user
requirements. For example, a three-day forecast daily irradiance
product is shown in Fig. 1. The E g7 past 54 days (approximately
two solar rotations) recent history and the next three-day forecast is
shown in the top panel, whereas the current epoch forecast is com-
pared with the historical forecast capability during solar cycle 23 in
the bottom panel.

Because satellite operators and space surveillance orbital analysts
are requiring greater precision and accuracy in spacecraft attitude
and orbit determination, space physics moedelers in the 1990s be-
gan active development of parameters to better represent the space
environment. This activity has accelerated the process of transition-
ing models for research to models for operations and is guided,
in part, by a goal of model improvement articulated in govern-
ment agency space weather programmatic documents.® At the same
time a paradigm shift occurred when it was realized that it is much
easier to develop a new irradiance proxy using improved solar ir-
radiance variability information than to ask anonymous users to
change millions of lines of legacy code so as to utilize new so-
lar models. In this context work by G. Schmidtke’ was resurrected
in 2000,

Tobiska et al.! and Tobiska® examined the thermospheric daily
heating rate Q(¢) in search of a new proxy and found that Q(z)
compared favorably with a much simpler approximation, that is,



