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MITIGATING AVIATION COMMUNICATION AND SATELLITE ORBIT OPERATIONS
SURPRISES FROM ADVERSE SPACE WEATHER
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1. Introduction

Adverse space weather affects operational activities
in aviation and satellite systems. For example, large
solar flares create highly variable enhanced neutral at-
mosphere and ionosphere electron density regions (fig-
ure 1). These regions impact aviation communication
frequencies as well as precision orbit determination.
Large coronal mass ejections can inundate near-Earth
space with large quantities of energetic, charged parti-
cles that amplify high latitude neutral and electron densi-
ties as well as high altitude, geosynchronous orbit parti-
cles during geomagnetic storm and substorm periods,
which are conducive to spacecraft charging.

The natural space environment, with its dynamic
space weather variability, is additionally changed by
human activity. The increase in orbital debris in low
Earth orbit (LEO), combined with lower atmosphere CO,
that rises into the lower thermosphere and causes in-
creased cooling that results in increased debris lifetime,
adds to the environmental hazards of navigating in near-
Earth space. This is at a time when commercial space
endeavors are posed to begin more missions to low
Earth orbit during the rise of the solar activity cycle to-
ward the next maximum (2012).

For satellite and aviation operators, adverse space
weather results in greater expenses for orbit manage-
ment, more communication outages for aviation and
ground-based HF radio users, and an inability to effec-
tively plan missions or service customers with space-
based communications, imagery, and data transferal
during time-critical activities. For example, satellite con-
stellation users will find it more difficult to maintain LEO
orbit constellation precision or will encounter more pro-
pellant usage and time-management of solar array
pointing to mitigate the effects of drag. Orbit precision is
required to maintain the most efficient data transmission
between satellites; less precision translates into less
available bandwidth for data links. For LEO satellite im-
agery missions, space weather creates variable satellite
drag and makes it more difficult to schedule customer-
defined image-taking at required time and lighting condi-
tions. For transoceanic or polar route commercial avia-
tion users, sudden HF loss due to a perturbed iono-
sphere means a diversion to other air corridors at the
cost of fewer passengers, more air crew time, and more
jet fuel. These examples typify some of the revenue-
impacting conditions of space weather.
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2. Solutions for mitigating space weather

Two paths exist for mitigating adverse space
weather. The first path is standards development and
the second path is the introduction of new or upgraded
applications and tools.

Standards provide a common language for ex-
changing scientific and engineering information as well
as for commerce. The International Standards Organiza-
tion (ISO) Technical Committee 20 (TC20), SubCommit-
tee 14 SC14) Working Group 4 (WG4) has the mandate
to develop international standards related to the space
environment (natural and artificial). WG4 has identified,
as part of its business plan, stakeholder industries in
various user domains that are affected by space
weather (Figure 2). As a refinement to that stakeholder
identification, WG4 is developing standards related to
those activities (Figure 3) and these standards are pro-
viding common space environment definitions, data,
products, practices, and transaction methodologies be-
tween diverse communities of users and producers.

Fig. 1. Artist’s view of the total electron content as a
300-km layer shell modulated by solar irradiances.

Beyond standards, unique tools for specific users
are important for mitigating adverse space weather ef-
fects. Space Environment Technologies (SET) and its
partners are developing several new applications and
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Fig. 2. ISO TC20/SC14/WG4 stakeholders are shown
as user versus space environment domains. The
check indicates that the user industry is affected by a
particular part of the space environment.
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Fig. 3. The ISO TC20/SC14/WG4 standards in devel-
opment that are matched with users and space envi-
ronment domains. IS = International Standard, NWI =

New Work Item, CD = Committee Draft, TS = Techni-
cal Specification, TR = Technical Report.

services for operational users that are affected by space

weather.

Aviation applications and solution tools that are
needed to meet specific challenges include:

e HF/VHF communication outages: identification of
foF2 for geographic regions provided as a result of
1-12 hour forecasts of evolving flare, geomagnetic,
and auroral boundary conditions that can be used
to avoid HF communication outages for polar and
transoceanic flight paths;

* degraded geolocation and navigation: identifica-
tion and reduction of total electron content (TEC)
uncertainty provided as a result of 1-6 hour fore-
casts of evolving flare and geomagnetic conditions
that can be used to specify GPS position uncer-
tainty for aviation and ground-system operations;

* radiation effects on aircrews: identification of
dose rates as a function of time for aviation alti-
tudes provided as a result of 1-6 hour forecasts of
evolving solar energetic particle events that can be
used to minimize anomalously high radiation expo-
sure for air crew members and frequent flyers.

Spaceflight applications and solution tools that are
needed to meet specific challenges include:

* precision orbit determination: identification of
high time resolution densities provided as a result of
1-7 day forecasts of evolving solar flux and geo-
magnetic conditions that can be used to avoid orbit
debris conjunctions and improve planning for in-
strument operations;

» satellite surface and internal charging: identifica-
tion of charging conditions provided as a result of 1-
3 hour forecasts of substorm 1-50 keV electron
densities that can be used to take preventative ac-
tions for charging;

* degraded geolocation and navigation: identifica-
tion and reduction of total electron content (TEC)
uncertainty provided as a result of 1-6 hour fore-
casts of evolving flare and geomagnetic conditions
that can be used to specify GPS position uncer-
tainty for satellite operations;

* radiation effects on materials: identification of
dose rates as a function of time for orbital altitudes
provided as a result of 1-6 hour forecasts of evolv-
ing solar energetic particle events that can be used
to minimize anomalously high radiation exposure for
space crew members and sensitive satellite com-
ponents.

As specific examples of applications now available,
SET operationally provides the JB2006 (Bowman, et al.,
2006) F,y;, Si7, and M,,, solar proxies and indices
(Bowman and Tobiska, 2006; Tobiska, ef al. 2006) that
reduce the 1-sigma uncertainty by up to 50% in atmos-
phere density calculations for satellite orbit determina-
tion. SET operationally provides improved solar irradi-
ances that capture solar flare effects on transiono-
spheric communications. These solar irradiance prod-
ucts have been developed and tested for 1) daily time
resolution for historical, nowcast, and intermediate-term
forecast periods with 1-day granularity, 1-hour cadence,
and 1-hour latency extending 4.5 months; 2) high time
resolution for recent, nowcast, and short-term forecast
periods with 3-hour granularity, 1-hour cadence, and 1-
hour latency extending 96 hours; and 3) precision time
resolution for recent, current epoch, and near-term fore-
cast periods with 1-minute granularity, 2-minute ca-
dence, and 5-minute latency extending to 6 hours.

The solar irradiance products that can be used op-
erationally, and particularly the daily F,,,, S;07, and My,
solar proxies and indices and 1-minute flare irradiances,
are reported through the Solar Irradiance Platform (SIP)
v2.32 (figure 4), which was released December 1, 2007.
SIP incorporates empirical and physics-based solar irra-
diance models such as SOLAR2000 v2.32 (Tobiska, et
al., 2000; Tobiska, 2004; Tobiska and Bouwer, 2006)
and SOLARFLARE v1.10 (Tobiska and Bouwer, 2005)
along with reference rocket measurements and real-time
satellite data stream systems such as APEX v1.00.
Special features of SIP v2.32 are:

e Automatic Forecast Updates: The “Auto update”
option provides a new, unique capability to update



X Solar Irradiance Platform

SOIMNAIRZOO0

SOT AT IUAY
~ 1 . 1 O [ FATTNTS]

(S~minute cadence) flares

L= W oo™

Coronal Chromospheric
ey 2 (evvrevrpeervrereny

1367.00[" 200[" 10" Xern
SET predicted
- 300 ax1ot 4= X = 70
2 . 130650/ . e X
e boom Y E 10~
= L 'E 6x10" = M <
] § 1366.00 ; 100 o 8 N_’ . 2001
A8 i 2 410! g v " ;‘&‘ 400
e - £ R Ry 1hs Aoa AL td N o0
T~ 138520 : E B SN W W X T e
2 -100 2x10' T i 300
e 10
A
o 136500 hssinniini) -208Luns el e - - PRSPPI - [1|»
000.20.406081.0 000204060810 0.00.204 0508 1.0 i y 1 . 15 18 B
~ul 12 Jul 13 Jul 4 Jul 14 Jul 15 Ju 2
. 196 Doya starting 2002166 Days starting 2002166 00:57 1257 00:57 12:% 00:57 12:57 g
2-196 Irradiance on 2002196 XUV/EWV spectrum starting 2002-15-Jul 20:08
1 ettt o lmlis | T oo Bl JAS i i LE U Rt et e L
i Iy i
Ll 1 a |
T 3 “ “
Spectral Format i a | [ X " 'l_lp J
Indicas - = = “ | !
Fluw: Units
energy - End 12.99B5 MK
Model sets 16° 10" 10* 107 10 10° 10* 20 40 50 &0 100120 40 &0 E0 100 120
Wovslength (nm) Wovelength {nm) nm
SOLARFLARE Modal H (8% = 1 am} 52K EUV (ah = ©.1 nm) (A = 0.1 nm)
opt Fio7 and Eyo; cormparison Most joing flare time profile (up to 6 hours)
tons 400F X E 1072 Fw £ E
[ SOLAR2000 PROFESS ONAL GRADE V232 {13-Sep-2007 20:53:55.00} Uodel B J ! 18127 ) 15-Jul 21:08 1
JosaloaIRi =4 £ 3 1o e (8.578638-07) Xy -
Ty 00 4 e x 1
Fun - E E E o 2040 -
9 E o
Aoout. 52K [ 1B M 2 fii
< 200F 8 ’.T(.E, 12 500 ]
; eSS T S P A PR SN S K NN S A E 3 107 s 1
Hoout, SFLR " B o e e e e e e e e ] € CF d )
o E E < 10°¢ - A ]
About, FFEX = 100E E g s Ro1o DOCkgrounc Tlare shown with 39 unceriair
E B S =isial 300 ]
File reader E Far ‘iiesrs E 107 4
1] S ML BN . . E AE
: oef 200 1
Uograde/Renew 0.0 0.2 0.4 0.6 0.8 1.0 lic4
. AO0P—196 Jul 15 Jul 15 Jul 15 Jul 15 Jul 16 Jul 16 Jul 16 Jul 16 Jul 16 Jul 16
it Doyeiataring 20Z=198 20:08 21:08 22:08 23:08 O0C:08 01:08 02:08 C}08 D408 05:08

Fig. 4. SIP v2.32 solar irradiances from the SOLAR2000 v2.32 and SOLARFLARE v1.10 models.

plots, reports, and files of the daily solar forecast,
the most recent data, and historical data. These
automatic updates are provided for operational us-
ers in satellite (“Sat ops”), and communications
(“Com ops”) industries. For satellite users, this op-
tion retrieves updated JB2006 solar index and geo-
magnetic index files. These have data to near the
current epoch (24-hour latency) reported at a user-
specified cadence (usually 1 hour). A bar plot (fig-
ure 5) shows the +3-sigma daily flux (F,,-,), the %
change of neutral density at 450 km from the se-
lected time frame’s mean value, the timing of sig-
nificant events, and the risks associated with sig-
nificant events. For communications users, HF out-
age conditions in the form of the global maximum
usable frequencies (average worst case MHz avail-
ability) are reported along with solar flare conditions
that may be affecting communications. A bar plot
(figure 6) shows the global communications condi-
tions, the +3-sigma forecast and historical daily so-
lar flux (F,,,), the +3-sigma forecast and historical
1-minute solar flare data, and the +3-sigma forecast
and historical 3-hour geomagnetic activity (ap) (in-
active in this release). The user-specified cadence
for communications is usually 2-minutes during so-
lar active conditions and 10-minutes to one-half
hour for quiet solar conditions.

New data download capabilities: SIP v2.32 in-

cludes improved capabilities for downloading recent
satellite instrument data from SOHO SEM with less
than 1-week latency. Real-time data can be down-
loaded from TIMED SEE with less than 1-day la-
tency and GOES XRS with less than 5-minutes la-
tency. In addition the JB2006 solar indices’ latency
has been reduced to ~24 hours with automated
data file retrieval. The v3_9 update for JB2006 in-
cludes improvements to the S,,; and M, solar cy-
cle 23 minimum values. In M,,,, there has been
long-term instrument change in the NOAA 16 SBUV
Mg Il data. We believe this may be due to shadow-
ing of the diffuser screen by other spacecraft com-
ponents but NOAA SWPC is still looking at the
causes. The trend in 2004-2005 was not evident
when the first M, , index was first created. By mid-
2007, the change was very apparent and this has
been now been corrected. The S, , index also
changed for different reasons, including changes in
the data processing algorithm by the SOHO SEM
instrument team since the index was first derived in
2004 as well as SET's fitting algorithms for the
newer data compared to the older data as we
reached solar minimum. These corrections are now
reflected in S, v3_9. F,,, has not changed. F,,,
S,0, and M,, , have different observation and report
times. To standardize reporting, all values are re-
ported in sfu units at 12 UT. Observations are 3-
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Fig. 5. SIP v2.32 satellite operations automated update
with 1! bar daily solar flux (F,,,) and 2" bar % density
change at 450 km. The major event times (3" bar) and
major event risks (4™ bar) are also shown.
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times daily for F,,, (20 UT used), every 5 minutes
for S,,, (daily average used), and twice daily for
M,,7 (7 and 16 UT). For atmosphere density model-
ing, the proxies and indices should be used as a
daily value between 0-24 UT for a given calendar
date (see figure 7). F,,, and S,,, are 1-day lagged
and M,,, is 5-day lagged in JB2006. The 81-day
centered values are used with the same lag times.

e Automatic Notification: Auto notification is incor-
porated to notify users of new releases that can be
downloaded at the http://SpaceWx.com web link.

* TIMED SEE v9: TIMED SEE v9 data is used in the
derivation of SOLAR2000 (S2K) as part of this re-
lease. The absolute S2K flux levels are calibrated to
the absolute solar cycle values of SEE v9. There
are differences between S2K daily and 27-day
variations and the SEE v9 data due to long-term
degradation removal differences, beta angle
anomalies, and model fitting uncertainties. SEE
data are continuing to be calibrated.

* Flexible User Options: The “Plot index” option
provides a capability to plot most of the solar indi-
ces that are listed in the s2k_oufput.ixt file. The
Esrc index and the photoionization variables are not

yet included in this release.

* System Grade Model: This is the first time the new
System Grade (SY) model is provided for atmos-
phere and ionosphere physics-based models and
systems. The SY application is a callable IDL rou-
tine using IDL .sav files. A user-modified input file
holds the beginning date, number of days to be
modeled, spectral format required, and flux units
specified.

* Flexible User Analysis: For interactive data in-
spection, plotting, and analysis this release creates
an IDL .sav file containing the same variables as
those in the s2k_output.ixtfile.

3. Operational characteristics

The SIP v2.32 application represents a capability
that is at Technology Readiness Level (TRL) 7 where
models and data are linked in an operationally-viable
environment. It uses TRL 9 (fully operational) data cre-
ated by SET’s servers to provide hybrid (empirical,
physics-based, data assimilative) irradiances with the
following characteristics:

* applicable to operational technologies affected
by space weather such as satellite, communica-
tion, and navigation systems;

 systems’ compatibility with SET’s S2KOPS,
SDOPS, IONOPS, CHGOPS, and APEX systems
that use irradiances identical to and interchange-
able with those produced in SIP v2.32;

« proven TRL strategy where SOLAR2000, SO-
LARFLARE, IDAR, and JB2006 were developed as
TRL 6 models; the SIP platform provides commu-
nity tools at TRL 7; upgrades are incorporated in
S2KOPS, SDOPS, IONOPS, CHGOPS, and APEX
TRL 8 prototypes; systems level applications are
implemented in TRL 9 operational centers at SET
and NOAA SWPC;

* standards-based compliance with IS 21348 (IS
21348, 2007) by SIP v2.32 using common time,
spectral, proxy, index definitions from IS 21348; and

* internationally accessible application where SIP
v2.32 provides Research, Professional, System,
and Operational Grade products to global users in 5
multi-disciplinary communities (operations, plan-
ning, research, standards, and education).

The SIP v2.32 application adheres to seven opera-
tional principles that have been developed by SET to
guarantee TRL 9 redundancy, robustness, validation,
and verification:

1 time domain definitions of past, present, and
future that are demarcated with identifiable granu-
larity, cadences, and latencies starting with identi-
fication of the current epoch;

2 information redundancy is clearly established
using multiple data streams;

3  data reliability is ensured when quality output
forecast data flows uninterruptedly regardless of
subsystem anomalies;
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Fig. 7. SIP v2.32 F,y 4, S0+, and M,,, solar indices for
the JB2006 thermospheric density model.

4  system robustness is ensured when an opera-
tional forecasting system is modular, manageable,
and extensible using tiered architecture;

5 TRL evolution occurs as models and data
achieve system-level maturity by evolution through
TRL stages where mature models and data (TRL
6) are linked for operational environments (TRL 7)
and tested through prototype demonstrations (TRL
8) before operational implementation (TRL 9);

6 geophysical validation is ensured when an out-
put forecast represents the geophysical conditions
within specified limits; and

7  operational verification is ensured when an out-
put forecast meets the intent of the requirements.

4. Future tasks

The formal release of SIP v2.32 on December 1,
2007 includes the 30" release of the SOLAR2000 model
since 1999. SFLR v1.10 and APEX 1.00 were also re-
leased with this version of SIP. The physics-based, ob-
servation-based, and data-driven hybrid model system
provides high time resolution and high spectral data in
forecast, nowcast, as well as historical modes with
automatic updates and on-demand satellite data. There
are new operational needs we are presently working on,
including:

* reentry accuracy to improve lower thermosphere
density specification, to improve drag coefficients
from free molecular to continuum flow, and to im-
prove forecasts out to 7 days;

* flare prediction to improve the magnitude and
timing of flare probability estimates, to improve the
timing of physics-based flare initiation, and to im-
prove the utility of flare irradiances for communica-
tions and satellite operations; and

e spacecraft charging/discharge processes to
improve the operational specification of environ-
ment conditions leading to electrostatic discharge.

With upcoming releases of SIP, we plan to intro-
duce the following upgrades:
* SIP v2.33 - forecast F,5; S;07 and M,,, for
JB2006; provide the solar u parameter for Lyman-

alpha; expand photoionization rates to aeronomy
diatomic molecules;

e SIP v2.34 — assimilate SOHO SEM, TIMED SEE,
GOES XRS real-time data into the appropriate S2K
and SFLR spectral ranges; extend the SC21REFW
format to 200 nm; expand the capability of plotting
irradiances; continue calibration of the SOLAR-
FLARE values compared with SORCE XPS; revise
the wavelength binning scheme greater than 0.1
nm;

* SIP v2.35 — expand photoionization rates to space-
craft material molecular compounds; link with
spacecraft charging applications; incorporate FISM,
SRPM, and EUVAC models; improve the windowing
representation of predicted flare evolution; improve
slow rising flare predictions, and operationally re-
move proton contamination in SOHO SEM flare
data; and

* SIP v3.00 — incorporate IDAR feature analysis of
images to generate temperature components of
physics-based model; compare with MHD modeled
irradiances; assimilate GOES EUV data.

5. Conclusion

The SIP v2.32 application incorporates automated
forecast updates, including warnings and forecasts, of
JB2006 and SOLARFLARE parameters useful for satel-
lite and communication operational users. Real-time
GOES XRS, SOHO SEM, and TIMED SEE data down-
load capabilities now exist. Flexible user tools for analy-
sis, plotting, and data inspection of space weather-
related solar photon phenomena related to satellite drag,
HF signal loss, navigation precision loss, and surface
charging are provided in a desktop PC environment.
With the release of SIP v2.32 we provide for the first
time the System Grade model for use by physics-based
ionosphere and thermosphere algorithms that require a
solar irradiance subroutine.

These capabilities continue to expand an overarch-
ing SET objective of providing system-level risk mitiga-
tion of dynamical space weather phenomena. Our
cross-linked systems create quality data products rap-
idly, enable them to be interpreted quickly, and foster
appropriate reactions to real-time and predicted informa-
tion with timely actions. We have built this hybrid solar
irradiance system by understanding user priorities for:

* research and operational applications on standa-
lone, modular, and server-based platforms;

* incorporating historical measurements, current ob-
servations, and future predictions;

* using multiple physics-based and observation-
based models as well as historical and real-time
data-driven algorithms;

* providing identical solar energy across the full solar
spectrum in high spectral and time resolution for-
mats as well as through solar indices;

* producing irradiances across all heliophysical time
scales (flares, solar rotation, solar active region
evolution, and solar-cycle); and



* maintaining compliancy with the International Stan-
dard IS 21348.
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