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Abstract. Space weather effects can strongly influenceof accurately forecasting and nowcasting space weather in-
high-frequency (HF) communications by changing the iono-creases as human activity becomes more dependent on tech-
spheric environment through which the radio waves propa-ology that is sensitive to its effects. As an example of such
gate. Since many systems utilize HF communications, thea technology, high-frequency (HF) radiowave communica-
ability to make real-time assessments of propagation conditions are strongly influenced by space weather. The reason
tions is an important part of space weather monitoring sys<or this is that the state of the ionospheric medium through
tems. In this paper, we present new techniques for meawhich they propagate is continually changing in response
suring high-latitude HF communications link parameters us-to space weather conditions. lonospheric effects of space
ing data from SuperDARN radars. These techniques usaveather can include sudden changes in the spatial structure
ground-scatter returns to define the variation in skip dis-and density of the D-, E-, and F-regions. These changes
tance with frequency. From these data, the maximum usabléhen affect HF radiowave propagation by altering parame-
frequency (MUF) as a function of range is determined andters such as the maximum usable frequency (MUF) over HF
ionospheric critical frequencies are estimated. These calcueommunications links. Since HF communications are used in
lations are made in near-real-time and the results are mada wide variety of applications including defense, emergency
available on the World Wide Web. F-region critical frequen- services, and marine and aviation operations, making accu-
cies calculated using this method show good agreement withate real-time measurements of high-latitude HF propagation
ionosonde data. conditions is an important part of space weather monitoring
systems.

In this paper, we will discuss UPOS data products that
are being developed at the Geophysical Institute designed
to monitor these high-latitude propagation conditions using
i real-time data from the Super Dual Auroral Radar Network
1 Introduction (SuperDARN). After describing the SuperDARN instrumen-
tation and radar operating mode, we will discuss a new tech-
nigue for making near-real-time measurements of MUF over
high-latitude HF propagation circuits. This will be followed
by a discussion of a technique currently being developed that

n'in 1998 with th | of develonin rational tr provides near-real-time estimates of ionospheric critical fre-
9a € goal of developing operationa Opo'quencies. Finally, we summarize our work on this UPOS

spheric and space weather data products for the Air Forc%iata product and discuss future modifications.
Weather Agency. UPOS includes tropospheric weather prod-
ucts such as volcanic ash trajectory forecasting and an atmo-
spheric profile generator, and space weather products such
real-time estimations ok, and auroral oval positions, and
predictions of geomagnetic activity and storms.

The term “space weather” refers to relatively rapid
changes in the Sun-Earth environment (including the so
lar wind, magnetosphere, and ionosphere). The importanc

Key words. lonosphere (active experiments; instruments
and techniques) — Radio science (ionospheric propagation)

The University Partnering for Operational Support (UPOS)
project is a collaborative effort between The Johns Hopkins
University Applied Physics Laboratory and the Geophysical
Institute at the University of Alaska Fairbanks. UPOS be-

S .
3 Instrumentation

A complete description of the SuperDARN instrumentation
is given by Greenwald et al. (1985, 1995), so only a brief
8verview will be given here. SuperDARN is a network of HF
coherent scatter radars designed for the purpose of investigat-
Correspondence tal. M. Hughes (hughesj@gi.alaska.edu) ing the structure and temporal evolution of plasma convec-
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Fig. 1. (a)—(h)Ground-scatter as a function of range from the Kodiak SuperDARN radar observed on 23 June 2001 between 22:40 and
22:55UT. The solid vertical lines in each panel show the F-region skip distance. (i) F-region skip distances identified in (a)—(h) plotted as a
function of frequency. The solid line is a linear least-squares fit to these data.

tion in the high-latitude ionosphere (Ruohoneimi et al., 1989;to collect data useful for space weather studies. For each
Ruohoneimi and Baker, 1998). Although this is the main site operating in the sounding mode, a table of frequencies
purpose of the network, data from SuperDARN radars havas defined that typically consists of approximately 8 entries
been used to study a wide variety of ionospheric and magequally spaced between 10 and 18 MHz. During the time
netospheric phenomena including, for example, ULF pulsa-available between azimuth scans, the sounding mode steps
tions, atmospheric gravity waves, and field line resonanceshrough this frequency table for each beam direction using
(e.g. Walker et al., 1992; Samson et al., 1990; Bristow andl s integration periods. Since only 12 s per minute are avail-
Greenwald, 1996; Ruohoneimi et al., 1991; Samson et al.able to this mode, a full scan at each frequency is completed
1992). Each SuperDARN radar operates in the 8-20 MHzonly after a number of regular azimuth scans. The amount
frequency interval and uses a phased-array antenna to scaroftime required to record a full sounding mode scan varies
52°azimuth sector with 16 evenly-spaced narrovd{wide) with the number of frequencies but is typically in the range
beams. The radars typically perform 1- or 2-min scans, usingl0—15 min.

data integrated for 3 or 6 s per beam (for 1- or 2-min scans,

respectively) to measure quantities such as the backscattered ) ) ) ]

power, Doppler velocity, and spectral width as a function of ~ The techniques presented in this study benefit from two
range along each beam direction. At each SuperDARN Siteyalu.able features of SuperDARN. First, the gompmed field-
azimuth scans begin on a whole minute boundary and ar@f-view of all SuperDARN radars covers a significant frac-

synchronized to other SuperDARN sites by a Global posi-tion of the high-latitude ionosphere (see, for example, Fig. 1
tioning System (GPS) clock. from Shepherd and Ruohoniemi, 2000), making it possible

to monitor propagation conditions over much of this area.
Since scans are synchronized on whole minute boundarieSecond, the real-time availability of data from many Su-
typically there are about 12 s per min during which no dataperDARN radars makes it possible to continually monitor
are collected. We have developed a radar operating modthese conditions and provide current information about space
known as the “sounding mode” that makes use of these 12 sveather effects.
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3 Space weather products is the nearest ground range at which ground-scatter returns
are observed. In the work discussed here, a virtual reflec-
SuperDARN radars observe backscattered signals from ajon height of 400 km was used when converting from radar
least three distinct sources: decameter-scale ionospheric ifange to ground range. It should also be noted that the con-
regularities, ionospheric meteor trails, and ground reflections,ersion and other MUF calculations used here do account for
(or ground-scatter). The techniques described in this papefhe curvature of the Earth and ionosphere. Figure 1 shows the
make use of ground-scatter returns observed in the soundeturned ground-scatter power as a function of ground range
ing mode. Ground-scatter returns occur in SuperDARN databserved with the sounding mode on one beam of the Ko-
when signals transmitted by the radar are reflected first bydiak SuperDARN radar on 23 June 2001 between 22:40 and
the ionosphere and then by the Earth's surface, with some2:55 UT. The solid lines in panels (a)—(h) show the ground-
fraction of the signal power undergoing backscatter and rescatter power observed at each of the eight sounding mode
turning to the radar after another ionospheric reflection. |nfrequencies (which are identified near the upper left corner
contrast to the other types of backscatter, ground-scatter resf each panel).
turns are identified by their characteristic low Doppler veloc-  |n some panels (e.g. panels d and e), more than one peak
ity and low spectral width. in ground-scatter power is observed; this condition occurs
when more than one propagation mode is received by the
radar. Most commonly (as in this case), the two peaks are
Before describing our technique for determining MUFs, it _due to E- and F-region propagation. Since we are primarily

will be useful to discuss a few basic aspects of ionospheric:mtereSted in determining MUFs for F-region propagation, it

. . . i, . IS necessary to differentiate between the two modes. This
radio-wave propagation. For this purpose, it is appropriate to - . .

: . . R can be done by realizing that under normal ionospheric con-
consider the simple case of a radiowave propagating in an un-

magnetized, horizontally stratified, single layer ionosphere.d'tlons’ F-region retL!ms are observgd at ranges larger than
. L those from the E-region (since F-region returns are reflected
From geometric optics, it is known that rays at a frequency

: : . o from a higher altitude) and by considering the effects of an-
fowill be reflected by the ionosphere if the condition tenna gain on the ground-scatter profile. SuperDARN HF

0o < cos 11— fcz/foz)% (1 radgrs use arrays of Iog_periodic dipole antennas that have a
vertical-plane gain function essentially the same as that of a
is met, wheré is the takeoff angle measured from the hori- half-wave dipole above a ground plane. For an antenna with
zontal andf, is the ionospheric critical frequency. Rays with this gain pattern, Bristow and Greenwald (1995) show that
a takeoff angle not meeting this condition will penetrate thethe received ground-scatter power falls off rapidly with range
ionosphere and be lost into space. For reflected rays, as thdue to decreasing antenna sensitivity as the incoming angle
takeoff angle increases, the ground range to the reflectiompproaches the horizontal. The effects of this gain pattern
point decreases and the reflection altitude increases until, atan be seen in two features commonly observed in ground-
the critical angle given in Eq. (1), the ray is reflected from scatter profiles such as those shown in Fig. 1. First, the re-
the layer maximum at the minimum range from the transmit-ceived power of ground-scatter reflected from the F-region
ter. After being reflected, this critical-angle ray reaches theis usually higher than that from the E-region. This is ex-
ground at the “skip distance” for the ray frequengyy For  pected since F-region critical frequencies generally exceed
convenience, this ground range will be identified ag.9fe  those in the E-region, and, therefore, signals reflected from
term “skip distance” is used because ionospherically propathe F-region are normally received at higher incoming angles
gating signals at frequency cannot reach ground ranges (and therefore with more antenna gain) than those reflected
less than Sgsince at the required takeoff angles the con- from the E-region. Second, when E- and F-region ground-
straints of Eq. (1) are not met (i.e. all such rays penetrate thacatter returns are observed in the same profile, the rapid
ionosphere and are lost into space). As the ray frequencyalloff makes it possible to identify two separate peaks. As
is increased, the skip distance also increases since rays pteviously mentioned, the F-region peak will occur at longer
this higher frequency must strike the ionosphere at a moreganges than the E-region peak.
glancing angle to avoid penetrating through the layer peak. From the observed ground-scatter profiles, our algorithm
Thus, at a ground range of §Ffp is the MUF. This rela- automatically determines both the E- and F-region skip dis-
tionship between the skip distance and MUF can be used teances, though only the F-region skip distances will be dis-
define MUF as a function of ground range, i.e. if the func- cussed here. The algorithm first computes the best least-
tion relating skip distance to frequency is known, the inversesquares fit of the function
relation defines MUF as a function of ground range. The
approach used here is to take advantage of this relationshig _ Aex
by using ground-scatter returns to define the variation in skip~ — P
distance with frequency, and then to obtain from this infor-
mation MUF as a function of ground range. to the F-region ground scatter data, whete =
Given a profile of backscattered power as a function of G(A, xg, w, s), x is ground range from the radar and xo,
range from the radar, the skip distance for some frequencyw, ands are parameters that are adjusted to achieve the best

3.1 Maximum usable frequency

(_ (x — xo)2> tam (s (x —x0) |

w? s
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Fig. 2. Maximum usable frequency
as a function of ground range over
the Kodiak SuperDARN radar field-of-
view obtained using ground-scatter data
recorded on 23 June 2001 from 22:39—
22:55 UT. For any point in the field-of-
view, the color scale indicates the best-
fit value of MUF for HF communica-
tions between that location and the Ko-
diak radar site.

\\‘K\oiqk

MUF (MHz)
SEEEWT W30

fit (these parameters, respectively, specify the amplitude of
the fitted function, the ground distance to the peak, the distri- I
bution width, and the asymmetry about the maximum). The st N
fitted functionsG are shown as dashed lines in Fig. 1. This & 1
fitting is necessary since the ground-scatter profiles are some< |
times more complex than those shown in Fig. 1 and the fit- £ | / \ 1

ted functions give a convenient measure of the profile shape.§ 301 f
The functional form ofG allows for a good fit to be found ™ | | L
both for symmetric and asymmetric ground-scatter profiles .| [ ' i
(e.g. Figs. 1c and g, respectively). The parametegives = | ]
a measure of the profile width and the parametepecifies »r 7
its asymmetry. Once the best-fit functigh has been de- L ,
termined, the algorithm locates the skip distance by starting e
at the range corresponding to the maximum valu& aind 15 RO TR mjiﬁ DOZZ%OU 100 Tes 0
moving to shorter ranges until the returned power of F-region
ground-scatter signals remains below a fixed threshold. Thesig. 3. Time series of MUF at 3000 km ground range from the
skip distances identified using this algorithm are shown as<odiak SuperDARN radar, averaged over all beams.
solid vertical lines in Figs. 1la—h. Note that for the profile
shown in Fig. 1h, no skip distance could be identified since
virtually no ground-scatter returns were observed. arcs appear at ground ranges of 1000, 2000, and 3000 km
Figure 1i shows these skip distances plotted as a functiofrom the radar, and the color scale in the field-of-view indi-
of frequency. The solid line in Fig. 1iis a linear least-squarescates the best-fit value of MUF for communication between
fit to the data points. Although the data points lie very closethat ground location and the Kodiak radar site. In this ex-
to the fitted line in this example, outlying points do occur in ample, MUF is fairly constant over all beam directions, with
practice. These points are identified and rejected by the fitan average value of 18.5 MHz at 3000 km ground range from
ting routine which iteratively recomputes the fit after testing the radar. Figure 3 shows a time series of MUF from 14—
for any outlying points. As described above, inverting the 17 March 2001 at 3000 km ground range from the Kodiak
function relating skip distance to frequency (which is linear radar, averaged over all beam directions. As expected, there
over the frequency range studied here) gives an expressioi$ an strong diurnal trend with daily MUF values increasing
yielding MUF as a function of ground range from the radar. to @ maximum near local noon and reaching a minimum near
This analysis can be performed on data observed with eactpcal midnight.
of the 16 radar beams to obtain MUF as a function of range As previously mentioned, this method for determining
over the entire radar field-of-view. Figure 2 shows MUF over MUF benefits from SuperDARN'’s wide spatial coverage and
the Kodiak SuperDARN radar field-of-view for the 23 June real-time data availability. For each SuperDARN radar run-
2001 time period between 22:39 and 22:55 UT. Solid blackning the sounding mode with real-time accessible data, MUF
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Fig. 4. World Wide Web page display using synthesized data showing near-real-time MUF and overhead ionospheric critical frequency
estimates for five Northern Hemisphere SuperDARN radars. The user can activate links on this page to obtain more detailed information
about each site.

over the radar field-of-view is calculated every 5min and type of space weather disturbance since they affect a broad
made available on the World Wide Web at http://superdarnfrequency range and can last several days. Although the tech-
gi.alaska.edu. Figure 4 shows an example of the web pagaique described here cannot be used to predict the occurrence
data display. This figure shows MUF values in the same for-of such events, they are easily identified in the real-time Su-
mat as Fig. 2, computed using simulated data for five North-perDARN data.

ern Hemisphere SuperDARN sites. From this web page, the
user can activate links to obtain more detailed information3.2
about a particular site.

lonospheric critical frequencies

As mentioned earlier, signals propagating to the skip dis-

One limitation of this technique is that it requires the ex- tance are reflected from the F-region peak. If either the take-
istence of propagation conditions which allow for HF radars off angle or, equivalently, the F-region peak virtual height is
to observe ground-scatter at several different frequencies iknown, skip distances measured from SuperDARN ground-
the 8-20 MHz range. Such conditions, however, do not al-scatter data and an expression equivalent to Eq. (1) can then
ways exist. For example, the nighttime ionosphere is oftenbe used to calculate the vertical incidence critical frequency
unable to support propagation at the required frequencies (refoF2) at the reflection point which can be assumed to be
sulting in most of the data gaps shown in Fig. 3). Of course,located at half the skip distance. Since the skip distance is
space weather disturbances can also modify the structure afependent on both frequency and beam direction, data from
the high-latitude ionosphere and cause severe disruptions dduperDARN radars can be used in this way to calculate F-
HF communications. As an extreme example of such a distegion critical frequencies at a large number of high-latitude
turbance, polar cap absorption (PCA) events cause completecations.
blackouts on polar and trans-polar HF communications links. The angle of arrival of incoming signals, which is equal
PCA events, which result from increas@dlayer ionization  to the takeoff angle, is measured by SuperDARN radars but
following a solar proton event, are a particularly devastatingis not available in real-time at the time of this writing (how-
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Fig. 5. Critical frequencies computed
using real-time SuperDARN data. The
colored circles show locations corre-
sponding to half the skip distance ob-
‘3‘.‘0_ 75 190, served for each frequency and beam di-
Sounder Scan Period: 00:05:41-00:20:49 UT rection with the color scale indicating

Generated: Thu Aug 9 00:20:52 UTC 2001 the F-region critical frequency at that
Number of Data Points: 295 point_

foF 2~ (MHz)

ever, it is planned to have this parameter available in the nealocations in the field-of-view (although, in practice, this limit
future). Because of this, our real-time critical frequency anal-is seldom reached). For a radar not running the sounding
ysis must make use of either a representative angle of arrivainode, it is still possible to calculate critical frequencies at
or virtual height for the F-region peak; we have assumed aup to one location per beam using data from the normal az-
virtual height of 400 km. The effects of this assumption on imuth scan. By combining data from all SuperDARN radars,
the accuracy of the technique will be discussed later. this technique makes it possible to calculate critical frequen-
It should be noted that Eq. (1), and, therefore, our methocFies at many locations throughout the combined SuperDARN
for calculating critical frequencies only applies to a flat iono- field-of-view.
sphere. However, the effects of ionospheric curvature can Figure 5 shows a map of critical frequencies obtained in
often be taken into account by rewriting Eq. (1) in the form this way from real-time SuperDARN data recorded on 9 Au-
of a “modified secant law” given by = kf. secpg, where  gust 2001 from 00:05 to 00:20 UT. During this time period,
¢o is the vertical angle of the ray aridis a numerical cor- three SuperDARN radars were running the sounding mode
rection factor. The value of typically varies from 1-1.2  (Kodiak, Kapuskasing, and Goose Bay) and three were per-
and depends on, for example, propagation distance, the ionderming normal azimuth scans (King Salmon, Prince George,
spheric profile and the virtual reflection height (Goodman,and Saskatoon). The colored circles mark locations corre-
1992). In this study, we have chosen to calculate critical fre-sponding to half the skip distance at some frequency (which
guencies assuminig= 1 (i.e. the flat ionosphere approxima- we take to be the reflection point), with the color indicating
tion), an assumption supported by two main considerationsthe F-region critical frequency at that location. In this exam-
First, critical frequencies in our study are only calculated ple, critical frequencies were calculated at 295 points within
for ground ranges less than1500 km and at these ranges, the field-of-view of these six radars.
Goodman (1992) has shown thiais nearly 1, increasing to During times when there is no gradient in F-region critical
a maximum value of-1.04 at~1500 km. Second, the value frequency across the radar field-of-view, the distance from
of k depends on the virtual reflection altitude and, as notedthe radar to the reflection point will be constant as the radar
earlier, this parameter is not currently available in real-timescans in azimuth. Because of this, many of the data points
for SuperDARN radars. Since it is not possible, therefore,in Fig. 5 lie on approximately concentric circles centered on
to accurately determiniein real-time, it seems reasonable to the radar site (in this example, the effect is most clearly seen
accept the errors (which should typically be less than 4%) in-in the data from Prince George and Saskatoon). It should
troduced by assuminlg= 1. Also note that since the MUF  also be noted that the normal azimuth scans by the Saskatoon
calculations discussed in the previous section take curvatureadar during the time period studied here were performed at
into account, they are not affected by this source of error.  two different operating frequencies. Data from these two fre-
F-region critical frequencies are computed from the real-quencies make it possible to estimate critical frequencies at
time data every five minutes for locations corresponding toup to two locations per beam direction.
the reflection point associated with each frequency and beam Figure 6a shows F-region critical frequencies observed
direction. For a radar running the sounding mode with, fornear Gakona, Alaska, from 16-18 May 2001. The red
example, 8 frequencies on each of the 16 beams, this tecHine shows critical frequencies observed with the digital
nique allows us to calculate critical frequencies at up to 128ionosonde located at the High-frequency Active Auroral Re-
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search Program (HAARP) site near Gakona, Alaska and théhe corresponding SuperDARN results are farther from the
blue line shows critical frequencies calculated using real-measured values. Using the virtual heights obtained from the
time SuperDARN sounding mode data. The green line showsligisonde, it is possible to apply a post-processing correction
corrected SuperDARN values and will be discussed laterto the real-time SuperDARN results. The data in green in
The SuperDARN values were obtained by identifying reflec- Fig. 6a show the SuperDARN critical frequencies after ap-
tion points located within 150 km ground range of Gakona atplying a first-order correction for the variation in critical fre-
the assumed virtual height of 400 km. quency with virtual height. At times for which the measured

As expected, each of these curves shows a diurnal trendirtual height is not available, the last available measurement
with the lowest critical frequencies occurring during the sev-has been used. These corrected values agree very well with
eral hours after local midnight. As in Fig. 3, the data gaps in-the critical frequencies measured with the digisonde.
dicate time periods (mostly during nighttime hours) when the Uncorrected SuperDARN critical frequencies are com-
technique could not be applied. Although the real-time Su-puted in near-real-time and made available on the web dis-
perDARN values agree fairly well in general with those mea- play shown in Fig. 4. In this figure, the MUF plot for
sured by the digisonde, at times the disagreement is signifieach site contains an estimate of the overhead critical fre-
cant. Perhaps the most important source of error in this techguency obtained by averaging all critical frequencies ob-
nique is the required assumption of a virtual height for theserved within 200 km ground range of the radar site. Al-
F-layer peak. This assumption will introduce error into the though not shown in Fig. 4, the web display also includes
calculation whenever the actual virtual height differs from the most recent critical frequency map, shown in the same
the assumed value of 400 km. format as Fig. 5.

Figure 6b shows the virtual height of ttielayer peak ob- This technique for determining F-region critical frequen-
tained from ionograms recorded with the Gakona digisondecies shares the same advantages and limitations as those de-
once every 15 minutes during the same time period shown irscribed above for real-time MUF observations. The broad
Fig. 6a. For the time period after day 138.3, the measured virspatial coverage of the SuperDARN radars allows for critical
tual heights are close to the assumed value and the real-timeequencies to be calculated at locations covering a signifi-
SuperDARN critical frequencies agree very well with those cant fraction of the high-latitude ionosphere and the real-time
measured by the digisonde. However, at other times the viravailability of the data makes it possible to estimate current
tual height differs significantly from the assumed value andionospheric conditions. However, as with the technique for
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