Annales Geophysicae, 23, 358598 2005 — "*—
SRef-ID: 1432-0576/ag/2005-23-3591 G Annales
© European Geosciences Union 2005 GeophySIcae

Daily ionospheric forecasting service (DIFS) Il

N. Butcher
BAE SYSTEMS, Advanced Technology Centre (ATC), Great Baddow, Chelmsford, Essex, CM2 8HN, UK

Received: 25 February 2005 — Revised: 27 June 2005 — Accepted: 20 August 2005 — Published: 23 December 2005

Abstract. The daily variability of the ionosphere can greatly systems. The work was carried out under the ESA Pilot
affect HF or SATCOM communications. HF skywave oper- Project for Space Weather Applications. BAE Systems ATC
ators plan frequency schedules months in advance, howeveis a member of one of the co-funded Service Development
they also require daily knowledge of the ionospheric condi- Activity (SDA) groups on this project; it is a member of the
tions in order to modify assignments. SATCOM operators SWENET group, and it was one of first SDA groups to suc-
also require daily information about the levels of scintilla- cessfully integrate their service with the SWENET.

tion, which are variations in phase, amplitude, polarisation

and angle of arrival that can cause severe degradation of the.1 HF communications

received signal.

Using a number of ionosonde measurements and geomag-he F»-layer of the ionosphere is the most important for HF
netic and solar values, a Daily lonospheric Forecasting Serradio communications due to its constant presence, its high
vice (DIFS) has been developed, which provides HF andaltitude, which allows for longer communication paths, and
SATCOM operators with daily forecasts of predicted iono- the fact that it usually refracts the highest frequencies in the
spheric conditions. The system uses in-house algorithm$iF range (Davies, 1990). However the day-to-day variabil-
and an externally developed Global lonospheric Scintilla-ity of the critical frequenciesf@F2) is unpredictable, with a
tion Model (GISM) to generate HF and SATCOM forecasts. 20% variability about the monthly median (CCIR, 1990) and
HF forecasts consist of a past summary and a forecast segreater than 40% variability during ionospheric storms. This
tion, primarily displaying observed values and predicted cat-directly affects the HF communications by altering the Max-
egories for the Maximum Usable Frequency (MUF), as wellimum Usable Frequency (MUF). This is the frequency limit,
as an lonospheric Correction factor (ICF) that can be fed intowhere radio waves above will not be refracted back down to
the ionospheric propagation prediction tool, WinHF. SAT- Earth and therefore cannot be used for HF communications.
COM forecasts give predictions of global scintillation levels,  For HF skywave operators’ frequency schedules are very
for the polar, mid and equatorial latitude regions. Thoroughimportant, and are planned several months in advance. Prop-
analysis was carried out on DIFS and the results concludegation prediction tools are used to assign frequencies based
that the service gives good accuracy, with user feedback alsen the analysis of expected normal conditions, and with addi-
confirming this, as well. tional assignments to cover ionospheric storms. On a day-to-

Keywords. lonosphere (lonospheric disturbances: Mod- day basis a user must cope with the normal variations which

elling and forecasting) — Radio science (Radio-wave prop.Wi” affect the frequency and the prediction of storms and
agation) ionospheric disturbances. WinHF is one such HF propaga-

tion forecast modelling tool, based on cyclic space weather
trends, diurnal, seasonal and geographic information and the
ITU-R REC533 algorithms (ITU-R 2001), which helps to es-
tablish and maintain good communications. It may be fed

with daily inputs of ionospheric correction factors, obtained

This paper describes the development of a Daily lonospheri , . . .
Forecasting System (DIFS) that may be used to enhance trff\rom the Daily lonospheric Forecast Service (DIFS), which

lanning and operation of HF and satellite communicationt%enEby modifies the model on a daily basis, to take into ac-
P 9 P count current ionospheric conditions.

Correspondence td\. Wheadon Figure 1 shows a propagation prediction graph for me-
(nigel.wheadon@baesystems.com) dian conditions. The graph shows the predicted operating

1 Introduction
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Fig. 1. (a)Channel assignment for median conditiofg; Channel assignment for storm conditions.

frequency as a function of time of day for a point-to-point 1.2 SATCOM
link with specific equipment and location parameters. The
coloured region shows the predicted operating frequency

window for the grade of service (mode) required, in this case A radio signal which is traversing the ionosphere will be
the Single Side Band (SSB). The colour scale represents thmodified by irregularities in the electron density. The irreg-
S/N ratio expected on this link. Red corresponds to the high-ularities cause scintillations, which are variations of phase,
est S/N ratio and is therefore the most desirable, whilst purpleamplitude, polarisation and angle of arrival. These variations
represents the lowest S/N ratio that will make the circuit vi- have adverse affects on satellite communications and cause
able. The black lines show the frequencies allocated for theamplitude fading, where the signal becomes buried in noise
different time periods.
Under storm conditions the range of usable frequenciegDavies, 1990). Peak scintillation activity occurs in equato-
will decrease and therefore the channel assignments must i@l latitudes from post-sunset to midnight and in auroral lat-
modified to take this into account, as shown in Fig. 1b. Thisitudes from post-midnight to early morning. In some cases
is achieved by forecasting the ionospheric conditions and calfading depths can exceed 20 dB, when a signal is traversing
culating an ionospheric correction factor (ICF) (see SB¢t.  the peaks of the equatorial anomaly in the early evening (Mc-
which can then be input into WinHF.

when the fade depth exceeds the fade margin of the receiver

Namara, 1991).
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Fig. 2. Scatter plot showing ICF comparison from 14 October 2004 to 1 February 2005.

2 Forecasting multiple forecasts, both at 24- and 6-h intervals, at any time;
and the incorporation of deployable ionospheric sounder data
HF Forecasting can inform an operator of the day-to-dayijnto HE forecasts.

ionospheric conditions and provide them with an lonospheric A high-level view of the system can be seen in Fig. 2.

Correction Factor (ICF). The ICF is a scaling factor which is Data are imported into the DIFS database via FTP from web
calculated using the percentage deviations over the last 24 Bervers, such as the Solar Influences Data analysis Centre
of foF2 from the median values. It indicates the daily iono- (SIDC), Space Environment Centre (SEC), Rutherford Ap-
spheric conditions and can be used in WinHF, a propagatiorpleton Laboratory (RAL) and the ESA Space Weather Eu-
prediction tool, to scale assigned frequencies. Under normalopean Network (SWENET) and also transferred across the
conditions the value of the ICF is defined to be 10, in geo-| AN from local sensors.
magnetic storms this can drop to as low as 6 or in very good \When a forecast is generated, the relevant data are pulled
conditions it can be as much as 14. from the DIFS database and processed through algorithms.
A SATCOM operator is also interested in a day-to-day Most of these have been developed in-house, though some
overview of the ionospheric conditions, and forecasts canwere created from external applications like the Global lono-
provide informative global categorisations. spheric Scintillation Model (GISM) (Beniguel, 2004) (see
Sect.4.2). The forecast is then exported to the required
users through email or via FTP onto servers, where it can

3 The system be viewed though web portals.

BAE Systems ATC has been providing an HF prediction ser-

vice for many years. From the mid 1970s to 1988 it supplied4 patabase and algorithms

an HF skywave prediction service which was manually gen-

erated; between 1989 to 1991 it developed the world's firstThe following lists the principal data types currently being
automated Daily lonospheric Forecasting Service (DIFS);stored in the DIFS database:

during the 1990s, an HF propagation prediction tool was de-

veloped (WinHF) with HF frequency assignment algorithms;  ~ foF2 crit.ical values — from many different stations and
from 2000 to present the HF propagation prediction applica- ~ SOUrces:
tions and DIFS were enhanced. — IPS Australia fittp://www.ips.gov.a)i

The current version of DIFS v3.5 has been enhanced to
provide a flexible, multi-regional, automated forecasting ser-
vice. The previous version could only generate a single daily — SEC {ittp://sec.noaa.ggv
HF forecast for Western Europe and used a limited number
of data sources to compile the forecast. Through a complete
redesign of the database and user interface, the functional-
ity of the system has now increased to support more flexible — Space Environment Services Centre (SESC) daily
data importing and exporting; the generation of SATCOM Sunspot number index — SIDC RWC-Belgiumttp:
forecasts; more accurate, globally dispersed HF forecasts; //sidc.oma.be/products/xut/index.php3

— RAL (http://www.wdc.rl.ac.uk

— ITEC (Integrated Total Electron Content) — from many
different stations from SEh(tp://sec.noaa.gdv


http://www.ips.gov.au
http://www.wdc.rl.ac.uk
http://sec.noaa.gov
http://sec.noaa.gov
http://sidc.oma.be/products/xut/index.php3
http://sidc.oma.be/products/xut/index.php3
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— 10.7 cm radio flux — SIDC RWC-Belgiumhttp://sidc. = SSN and 10 cm flux deviations, X-ray flares and geomagnetic
oma.be/products/xut/index.php3 Ap andK indices.
After the forecast ICF has been determined, this module
also checks for consistency between the forecast MUF and
ICF values. If they are inconsistent, it alters the MUF score

— Monthly mean international relative sunspot num- and re-calculates the forecast MUFs.

ber — ITU ttp://www.itu.int/ITU-R/study-groups/ ICF forecast _
rsg3/indices/index.htrjil In this module the forecast ICF is computed, based on the

observed ICF. These are then modified to take into account
— Number of sunspot groups of each type (quiet, eruptive the occurrence of cyclic solar effects, SSC, X-ray flares and
active and proton) — SIDC RWC-Bouldent{p://sidc.  geomagnetialp andK indices.
oma.be/products/geo/index.php3 LUF forecast

_ Sudden Storm Commencement's (SSC) start time — This module determines the LUF based on the sum of the

SIDC Wingst (Germany)Http://sidc.oma.be/products/ K |ng|ces fgr the day bef%re the. forecast, thhe curren:]month
wngfindex.php3 number and any strong absorption events that may have oc-

curred.

— Geomagnetic A Index — SIDC RWC-Belgiunhttp://
sidc.oma.be/products/xut/index.php3

— X-ray flares class, start time, end time, region of the Sun
and X and Y co-ordinates — SEC RWC-Bouldattp:
/Isidc.oma.be/products/geo/index.php3 4.2 SATCOM algorithms

— lonospheric absorption, type of phenomena, type ofThe functionality to create a SATCOM forecast is all con-
measurement, start time, maximum of event, end time tained within the SATCOM Interface module. This makes
and number of decibels of maximum absorption — SIDC yse of a Global lonospheric Scintillation Model (GISM), a
RWC Moscow [ittp://sidc.oma.be/products/mos/index. program which has been developed by IEEA under contract
php3 with ESA (Beniguel, 2004). The GISM model’s scintillation

. : : ) occurs in the ionosphere due to solar activity. It is composed

B ?/S?gg grr::'gssr'ggugg/e;ut_/iﬁézg ;)Vgg? -Belgiummp: o models, one providing the mean errors, based on a so-

' ' ' lution of ray tracing equations, and the second model (the fo-

— K indices — SIDC RWC-Belgiumhtp://sidc.oma.be/  cus of this report) which is based on a multiple phase screen

products/xut/index.php3 (MPS) technique and provides estimates of the signal scin-
tillations (Sy), which is the root-mean-square of the power P
4.1 HF algorithms divided by the average powér (see equation below):

The algorithms (Wheadon et al., 1991a) which generate the [ (P — p)z]%
HF forecasts use many of the data types that are stored ifa = ———=——
the database. Below is a description of the primary modules
which are involved in creating an HF forecast. The GISM takes several input parameters, including the
Calculate MUF geophysical parameters (solar 10-cm flux and date), the op-
This module determines the range of observed MUF vari-erating or carrier frequency and the inhomogeneity data (a
ations in the past summary section of the forecast. It doesneasure of the irregularity structure of the electron density).
this through calculating the percentage deviations of the lastatistical characteristics, such as scintillation index, fade du-
24 h offoF2 data from the mediafoF2 data. It then deter- ration, and cumulative probability of the signal, are provided
mines the overall MUF condition for each period, based onfrom the GISM, as well as maps of scintillation index S
a set of thresholds, where UP, NORMAL and DOWN indi-  For the purposes of DIFS a scintillation chart was devel-
cate whether the frequencies are going to be greater than, theped from numerous GISM trials. Each trial generated the
same as or less than the median conditions (Wheadon et alscintillation at each point on a global map, frer®0° to 9C°
1991b). latitude, in steps of 5and from—180° to 180 longitude, in
Calculate ICF steps of 158 (which corresponds to each hour LT). The UT
This module determines the lonospheric Correction Factowas set to 00:00 h and the frequency to 400 MHz. Only the
(ICF) using calculations involving thi®F2 percentage devi- month and the 10-cm flux parameters were altered for each
ations (which were generated in the Calculate MUF module)trial, to provide a data reference set for which any values in-
(Wheadon et al., 1991b). between could be interpolated.
MUF forecast The results obtained were, $alues for 37 different lat-
This module calculates the forecast MUF category foritudes and 25 longitudes (which corresponded to 12:00—
each period, based on the observed MUF conditions. Thes&2:00 LT), for every month, for each 10 cm flux value (80,
are translated to a score and modified to take into account20 and 190). The data from predominant latitudes were
the occurrence of cyclic solar effects, SSCs, very high or lowgrouped into high, mid or low categories, where:

(Briggs and Parkin 1963.


http://sidc.oma.be/products/xut/index.php3
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Fig. 3. (a)HF Forecast for 24 January 2005) SATCOM Forecast for 10 January 2005.

— high latitudes were those 7®r greater and-70° or
less;

— low latitudes were those between°2nd—25°;

— mid latitudes were those in between the above.

The maximum g values in each local time period and lat-
itude group were identified for each month and 10-cm flux
value, and placed in the spreadsheet.

The SATCOM forecast predicts the disturbance categories
for the next 24 h, split into four, 6-h time periods. Exten-
sive evaluation of GISM showed that the scintillation levels
exceed the quiet category only between 20:00 to 03:00 LT.
This is consistent with observations, as most equatorial scin-
tillation occurs during the night. Unfortunately, the GISM
has some limitations for auroral regions, however, this is not
the users’ primary area of interest; therefore, for this work it

is of secondary importance. As the scintillation levels only
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exceeds the quiet category between 20:00 LT to 03:00 LT5.2 SATCOM service
only two of the 6-h time periods are affected by the scintilla- _ . _
tion chart and forecast any category other than quiet. A 24-hThe SATCOM forecast (see Fig. 3b) comprises categories

forecast, however, is supplied for the users’ benefit. QUIET (low probability of fading expected on SATCOM
The process of calculating the SATCOM forecast is as fol- Circuits), MODERATE (moderate fading possible on cir-
lows: cuits), DISTURBED (reasonably high fading probable on

circuits), or SEVERE (high probability of outages) for 6-
h periods, for the polar, mid and equatorial regions. The
categories indicate the global conditions of scintillation, and
other geomagnetic data, such as thimdex andk , indices,

are shown to support the forecast.

Predicting disturbance categories

— Calculate the estimated monthly 10-cm flux value from
the monthly mean international relative sunspot number.

— Collect the observed daily 10-cm flux value for the fore-
cast date. 6 Validation

read- The results presented in this section are from an initial semi-
guantitative analysis of the accuracy of the forecasts over a
2 months (for MUF analysis), 3 1/2 months (for ICF anal-
ysis) and a 1-week (for SATCOM analysis) period. Further
work will be needed over a longer period and for a variety of
different ionospheric conditions to establish the metrics.

The DIFS application includes a number of quantitative
analysis tools which are used to generate results that show
the quality and the accuracy of the forecasts. It must be noted
that the forecasts are just that, predictions based on an inter-
pretation of currently observed effects combined with empir-
ical relationships between the observations and the expected
effects. Therefore, achieving a perfect forecasting accuracy
is unrealistic, however, the establishment of a set of quanti-
Supplementary geomagnetic data tative metrics will enable an initial benchmark to be estab-

lished against which future improvements to the forecasting

— Collect the extra geomagnetic data which will be dis- Services can be compared.

played on the SATCOM forecast.

— Extract all the data from the GISM scintillation sp
sheet for the specified month and the closest two flux
values.

— Using either the observed daily flux value or, if not
available, the estimated monthly flux, interpolate the
scintillation chart to give a map of the best estimate of
current g values.

— Classify the values into categories quiet;£98.25),
moderate (0.2554<0.5), disturbed (0.5$4<1), or se-
vere (§>1).

6.1 HF forecast

The analysis tool for the HF forecasting part of DIFS in-
5 The DIFS service cludes an MUF analyser and an ICF analyser. The MUF

analyser is shown in Fig. 4a. This tool's output shows the
DIFS is an automated system which is capable of generatingomparison between the forecast values of the MUF devia-
multi-regional, frequent (6-h and 24-h) forecasts for differenttion (deviation from the median) and the observed MUF de-

users. viations (derived from the deviations &F2 observations
from the median). The analysed data are displayed in a scat-
5.1 HF service ter diagram and grouped into categories using the definitions

for UP, NORMAL and DOWN. The lower part of the anal-
HF Forecasts (see Fig. 3a) are made up of two parts, the pagser user interface is used to enter information about which
summary, which covers the period of the last 24-h, and thethe forecast will be analysed, the period over which metrics
forecast, which looks at the next 24-h. The past summarywill be determined and the type of output report required.
comprises 6-h observed Maximum Usable Frequency (MUF) In the example shown in Fig. 4a, the forecasts between
ranges, 6-h ICF, 24-h ICF, observed daytime Lowest Usable®® December 2004 and 8 February 2005 have been analysed.
Frequency (LUF), the times of possible Short-Wave Fadeddeally, the observed and predicted deviations would coin-
(SWF), observed A Index, observed daily Sunspot Numbercide, for example, if the MUF deviation was predicted to be
Index (SSN), observed 10-cm flux value and some free textlown, i.e. a deviation greater than 20% below the median
describing the past conditions. The forecast contains the 6value, and the observed MUF deviation was more than 20%
h predicted MUF categories DOWN, NORMAL or UP, the below the median value, then an entry would appear in the
predicted 6-h ICFs, the predicted 24-h ICF, the predictedlower left-hand box on the display. It can be seen that 74%
daytime LUF, the SWF probability, the 3-day predicted AP of the observed data lie in the same category as predicted.
Indices and some free text describing the predicted condiThe percentage of correct MUF predictions appears in the
tions. statistics display. The data bias is low, which means that the
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predicted MUF deviations are, on average, lower than the ac- = Anal_l,lse MIIES e
tual data, i.e. the forecasts tend to predict that the MUFs are SR i e T e
lower than those observed. ; o |
The ICF analyser (Fig. 4b) is used to compare the actual | s 2 8 1
ICF with the ICF distributed with the forecasts. This tool | =
is similar to the MUF analyser in that the ICFs are analysed |
for a user input period. The user can select either to analyse | . | 3 e 3
the daily ICFs or the ICFs produced for a 6-h period. The ||
percentage of correct ICF predictions is calculated as a per- |
centage of all the samples in which the observed ICF is the | DN 5 g 0
same as the predicted ICF. The example shows a rather Iowé
result, 35% However, the sgmple points dq not appear at the | S i |
extremities of the graph, which is encouraging. In fact, most || |
L . oo . . { Predicted MUFs |
of the scatter values are within a distance of 1 unit, indicating L. e
a close match between prediction and observation. Select Forecast for which to analyse the MUFs [Ea
Feedback from the users over the same period has been| [High Laiiuds Forecast 11-30EA 2ého) ] |
positive and provided a qualitative assessment. Users have: —— e :
reported that on a day-to-day basis, the predictions do | Select Dates for which to analvse the MUE |
provide operators with the level of fidelity and required accu- | Fram: 309;12;2004 =] T8 [oemzrzns =] || SostterGraph
racy to improve their frequency management process and are (il
better able to adapt communications operations to the chang- | safisties
ing environment. The 6-h forecasts are better suited to their | e = e o

needs and meet their operational requirements. :
Biaz in the data: W Claze 1

aph Types

| &% Number Graph

6.2 SATCOM forecast

SATC_OI\/I forecasts are more difficult to validate, as less

real-time scintillation data are available for direct compar-

ison. Estimated Scintillation Index data, from GPS phase |

fluctuations, were used to validate the SATCOM forecasts || i
(private communications — CL@ittp://scintillations.cls.f). E
This data are presented in maps, where the valug ¢4 ' 12
therefore the scale of disturbance) in an area is indicated | .
through a number of coloured points. Data are only avail-

able in areas where there is a line-of-sight between a ground- |
based GPS receiver and a GPS satellite; therefore, the datal
are limited in certain latitudinal regions. Over a period of a |
week, from 10 January 2005-18 January 2005, the forecasts
and daily scintillation maps were compared. The scintillation | |
maps Showed |ncreas|ng d|sturbance throughout each day, e ST e T L T e — :_.:.:é
especially in the low and high latitude regions. The SAT- ,M‘M |
COM forecasts for this period reflect these conditions, with | fLow Latiude Forecast 1130 ESA R4 how) 2] |
the forecast categories changing from Disturbed to Severe | — e
in some of those areas. This initial analysis demonstrates | 3elect Dates for which to analyse the ICE | |
that the SATCOM forecasts compare well with real-time data From [1410/2006 <] o [m1/m272008 <] e
and offer the user potential benefits in predicting communi- | e 1 @R T
cations disturbances on transionospheric paths. Further vali- | Statisties =~ |
dation and user feedback is required before this work reaches | Fareniage af arat [CF predictions - ]— %
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7 Conclusions Fig. 4. (a) Number graph showing MUF comparison from 9 De-
cember 2004 to 8 February 20db) Scatter plot showing ICF com-

A real-time system has been presented for forecasting ionoparison from 14 October 2004 to 1 February 2005.
spheric conditions for both HF skywave and SATCOM
users. DIFS is based on real-time data, such as ionosonde
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tion data were not available for comparison and so the SAT-
COM forecasts were validated through comparison with ex-
ternal estimated scintillation maps. According to our analy-
sis, the forecasts compare well with real-time data and offer
the user potential benefits in predicting communications dis-
turbances on transionospheric paths. Further validation and
user feedback is required before this work reaches any firm
conclusions, but the results are encouraging that the approach
is valid.



