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Abstract. In this paper we study the effect of artificial HF as the Imaging Riometer for lonospheric Studies (IRIS) sys-
heating on cosmic radio noise absorption in the D-regiontem (Detrick and Rosenberg, 1990; Browne et al., 1995) at
ionosphere. The effect has earlier been studied theoretiKilpisjarvi, Finland (69.08N, 20.79 E), use narrow-beam
cally in idealised cases and without experimental verifica-formation by phased-array antennas in order to monitor spa-
tion. Here we present a 3-dimensional modelling of the ef-tial structures of the ionosphere (see Fig. 1).
fect, taking into account the directivity patterns of the vertical  The absorption of radio waves also makes it possible to
beam of the EISCAT Heater at Tromsg, Norway, and the in-heat the ionospheric electron gas using high-power HF trans-
tersecting beam of the IRIS imaging riometer at Kilpisjarvi, mitters. The heating facility of the European Incoherent
Finland. The heater-induced enhancement of cosmic radi®catter Scientific Association (EISCAT) at Tromsg, Norway
noise absorption at the IRIS frequency (38.2MHz) is esti-(69.6° N, 19.2° E) has been designed for this purpose (see
mated to be between 0.02dB and 0.05dB in the most reprerietveld et al., 1992). According to earlier modelling work
sentative model cases. (Belova et al., 1995; Kero et al., 2000) the facility, which has
However, a statistical study of IRIS data from a selectedan effective radiated power (ERP) of up to 1.2 GW, is capa-
set of heating experiments carried out during the years 19945ble of increasing the electron temperature by a factor of ten
2004 shows that the median effect is between 0.002 dB andt a maximum. However, the modelled maximal effect has
0.004 dB, i.e. an order of magnitude less than theoreticallynot been verified by any observations. The lack of EISCAT
predicted. This indicates that the actual HF heating effectradar verification is due to the electron densities generally
at D-region altitudes is substantially overestimated by thebeing below the detection limit at the altitude of the maximal
present theory. heating effect.

In contrast to radar measurements, passive monitoring of
any HF radio waves penetrating through the heated volume
can be used as a diagnostic technique. This is possible be-
cause the increased electron temperature raises the electron-
neutral collision frequency, and therefore decreases the trans-
1 Introduction parency of the plasma. This additional absorption can be sup-

posed to take place and disappear practically immediately,
Radio wave absorption is known to take place in the iono-in timescales of milliseconds, when the heater is turned on
spheric D-region through collisions of electrons, which areand off (Rietveld et al., 1986). To a lesser extent, the trans-
accelerated by the electric field of the radio wave, with neu-parency may also change through electron temperature de
tral atoms and molecules. Radio wave absorption provideendent chemistry (formation of negative ions) during the
experimental access to the D-region, the probing of whichheating periods (Enell et al., 2005), but the magnitude of this
is otherwise difficult. A widely used method is monitor- €ffect is marginal and its time constant is several seconds to
ing of cosmic background radio noise with riometers (rel- minutes. Thus the effect on cosmic radio noise intensity seen
ative ionospheric opacity meters). Imaging riometers, suchn the riometer beam overlapping the heated volume is ex-
pected to be a step function of a certain magnitude added to
Correspondence to: A. Kero the natural variations of the transparency. Pashin et al. (2003)
(antti.kero@sgo.fi) and Enell et al. (2005) have estimated the magnitude of the
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Fig. 1. Left panel: Kilpisjarvi IRIS riometer beam projections at 90 km on a map of northern Scandinavia. Right panel: Intersection of the
main lobe of EISCAT heater antenna field 1 and IRIS beam 9.

effect to be several tenths of a dB, provided that the geometrys used to calculate the refractive indiegsandny for the or-
is ideal and that the modelled electron temperature increasdinary (©) and extraordinaryq) modes of polarisation. The
is correct. refractive indices are functions of the electron density

A competing increase in the noise intensity observed bythe external magnetic fiel®# and the electron-neutral colli-
the riometer is possible because of scintillations produced bysion frequencyen. A sum of electron temperature dependent
heater-enhanced refractive indices of the F region (Honaryates of momentum transfer toNJ2 and O, listed by Banks
et al., 2000). However, as Fig. 1 shows, beam number 9 ofind Kockarts (1973), is used fog, whereas the pure mag-
the Kilpisjarvi IRIS riometer crosses the vertical main lobe netic dipole approximation is used f&.
of the EISCAT heater at D-region altitudes and should not In the model Eq. (1) is calculated numerically as
be affected by any F-region heating effects. This study is/ (r)=IoD(r), where the decay due to absorption is ap-
dedicated to finding the D-region heating effect and its mag-proximated by a sum over steps- as
nitude, both by modelling and by statistical analysis of IRIS
beam 9 data as contrasted to the other IRIS beams not over- 2w
lapping the heated volume. ber) = exp(T > S(n’)Ar) 2)

r

_ In this paper both the absorption of the heater radio wave and
2 Modelling of the cosmic radio noise are calculated using Eq. (2).

2.1 Radio wave absorption 2.2 Heating model

Radio wave propagation in a collisional magnetised plasmarhe intensity of a radio wave, emitted by the heater antenna
is described by_the refractive |nd'axwhose imaginary p.art field, along a ray path is determined by Eq. (1), where the
J(n)<0 determines the attenuation of the wave. The inten-ynabsorbed intensity is given by transmitter poweand an-

sity 1 of the wave along a pathis tenna gairG in the ray direction:
20 (7 PG
I(r) = Ipex (—/ (n(r)) dr) 1 Io = ——
P ¢ Jo @) 0% 4nr2 )

Herew is the radio-wave angular frequendy,the intensity =~ Heater radiation patterns (in dB scale) for antenna fields 1
without absorption and the speed of light. The generalised and 2 of the Eiscat heater are illustrated in Fig. 2, upper right
Appleton dispersion theory given by Sen and Wyller (1960) panel.

Ann. Geophys., 25, 407-415, 2007 www.ann-geophys.net/25/407/2007/
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Fig. 2. Upper left panel: Beam directivity of Kilpisjarvi IRIS beam 9 and the 401 ray paths used in modelling the absorption (found using
triangular tesselation with equally spaced barycentres). Upper right panel: Antenna beam directivities for antenna fields 1 and 2 of the Eiscat
heater. Lower left panel: Ray paths used in the modelling of the heater effect. Black lines are centre lines of heater beam and IRIS beam 9.
The green line shows one of the 401 barycentre directions along which the model is run in 1-km steps (blue points). The red line is the heater
line-of-sight direction for one of these model points. Lower right panel: Profiles of electron density (Friedrich et al., 2004), atmospheric
neutral components and temperature (MSISE-90) for the modelling cases.

Consider now the energy transfer from the radio wave tois a function of7.. Hence, the electron temperature is deter-
the electron gas due to absorption. According to Eqg. (1) themined by
absorbed power per volume is
20 kQ(Te) = L(Te) (5)
Q = =3I (4)

¢ under thermal equilibrium. We introduce a scaling faétor

Electron energy loss occurs through collisions with neutrals.which is typically set to unity assuming that the absorbed
In the model, the electron energy loss rétés the sum of  energy is entirely transferred to electron thermal energy and
the rates of rotational and vibrational excitation of énd that all loss processes are known. The use of this constant
N> given by Pavlov (1998a,b) and the rates due to collisionsscaling factor is a zeroth-order parameterisation of possible
with atomic oxygen according to Stubbe and Varnum (1972).unknown electron energy gain and loss processes, or errors in
All loss rates are functions of prevailing electron temperatureinput parameters such as overestimated transmitter power. In
Te. Note that alsoQ depends on the electron temperature, reality the scaling factor can be a function of electron temper-
because the imaginary part of the refractive ind&), de-  ature. The sensitivity of the model for values1 is studied
pends on the electron-neutral collision frequengy which in Sect. 2.5.

www.ann-geophys.net/25/407/2007/ Ann. Geophys., 25, 407-415, 2007



410 A. Kero et al.: Heating effect on riometer absorption

The electron temperature along the ray path in 1 km strat-
ified layers is modelled using the routine described by Kero
et al. (2000) which follows Belova et al. (1995). N

First, the_ intensity of the wave is calculated on aray path S AQwp;i (Doni + Dyhi)
at each altitude: using Eqgs. (2) and (3). The equilibrium —10lo i=1
electron temperatur@:(k) that fulfils Eq. (5) is solved for o 9
within 1K tolerance. Thereafter the refractive index of the ;AinDi (DoBGi + DxBGi)
layer must be recalculated for the new electron-neutral colli- =
sion frequency determined by the increased electron tempers; ~

. . S . Dmci = eX R} ir) A
atureTq(h). The intensity penetrating into next layer, and its Mci P Z mcir) Ar

-
electron temperature, can be calculated in the same fashion. . . N
This procedure is continued until a desired altitude. whereDyc; is calculated for each tesselation directicand

In our application, the electron temperature is modelled foraII combinations of mode Mx(or 0) and case C (H or BG).

each 1-km step along an IRIS riometer ray through the iono_The corresponding refractive indices for the heated case,

sphere (see Fi@, lower left panel, crossing of blue and red Motir ANd#xkir, are calculated using the electron tempera-
: . tures modelled as in Sect. 2.2, whereas for the background
lines). The electron temperatures thus obtained are used in

: . . . ; ) refractive indicesiogg;, andnygg;ir the electron temperature
the following calculations of cosmic radio noise absorption. . 0BGir *BGir perature
is set equal to the neutral temperature. The refractive indices

are calculated at the frequency of the Kilpisjarvi IRIS riome-
ter (38.2 MHz). Note than A,, as a relative quantity, does

The cosmic radio noise absorptian(zsiq) detected by a ri- _not deP?”d onthe i_so'_[rgnpic_ source intenggyThe directiv-
ometer is a measure of the noise powRisig) compared ity funct|o_n wp Of K|Ip|S]ary| IRIS beam 9 and the equally
with a certain reference value called the quiet-day powerSpaced triangular tesselation barycent#s401) are illus-

Po(tsid), so thatAr=10 Iog(P(tsid)/PQ(tsid)). The sidereal trated in the upper left panel of Fig.
time zsjg is used becguse the power is a function of th_e NUM-5 4 Model results
ber of distant cosmic radio sources seen by the riometer

beam. The absorption differences A, were modelled with the fol-
We assume that the extraionospheric cosmic radio noise ifowing selected sets of input parameters, shown in Fig. 2,
an isotropic energy flux of randomly polarised waves, so thalower right panel:

statistically the radio noise intensity (power per unit solid an-
gle) is independent of direction and both modes of propaga-
tion have equal intensityl§o=1ox).

Let the intensity given by Eq. (1) represent a small solid
angle element around the ray. The total power detected by
the riometer is then an integral of the intensity over all solid

AA, = Ay — Agg = 10log(PH/ Pac) (8

2.3 Cosmic radio noise absorption model

— 3 electron density profiles (low, medium and high) ob-
tained from a statistical model developed by Friedrich
et al. (2004), representing night-time riometer absorp-
tions of 0.1, 0.3 and 3dB; logarithmic extrapolation is
used below 70 km

angles weighted by the directivity functiany of the instru- — 2 neutral atmosphere density and temperature pro-
ment: files (winter and summer) from the MSISE-90 model
(Hedin, 1991)
P = Q)(Io + Ix) dL2. 6
/S;wD( Vo + L) d © — Power and gain of the EISCAT heater antenna fields 1

) _ _ and 2 with their lowest usually used frequencies (field 1:
In the model, the integral is solved numerically as a mean 4.04MHz and field 2: 5.423 MHz) for vertical heater

of calculated intensities in the barycentresMftriangular beams
tesselations, weighted both by the solid angl@; of each
triangle, and by the instrument directivity functiarp; in — 2 Heater wave polarisations: andx-mode

the barycentre direction The model was run for all combinations of input parame-

N ters above (24 cases) in order to cover most of the variety

3" (o + Ix) AQwp; of conditions and chosen parameters corresponding to the
p—i=t @) experiments carried out at the EISCAT Heater Facility in

1994-2004. The number of tesselation poiNts-401 and

the model scaling factdr=1 were the same in all the cases.
The specified nominal maximum output power of the heater
The absorption difference between heated (H) and backis 12x100 kW, using all 12 power amplifiers. In the follow-
ground (BG) ionosphere is modelled based on Eqgs. (2)ng modelling we assume, as a conservative estimate, that on
and (7) as follows: average each power amplifier outputs 85 kW.

=z

AQ;wp;
=1

1
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Fig. 3. Modelling of the increase in differential riometer absorption for 24 type cases of heating. The plots show vertical slices through the
model volume in the NW-SE direction.

The modelled heating effect on the absorption of cosmiceffect as a function of electron density is also clearly visible
radio noise is illustrated in Fig. 3 for all 24 cases. In the 2-in all cases. Some minor-scale differences are found between
dimensional intersections shown, the effects of antenna fieldeasons: summer atmosphere yields higher effects, except in
selection and electron density are clearly visible. Field 1the high electron density case with antenna field 2. The more
produces an intense narrow effect including also faint sig-efficiently absorbed-mode seems to produce slightly higher
natures of the first sidelobes, while field 2 gives a broad buteffects in most of the cases, except for the combination of
faint effect. The higher the electron density is, the stronger ishigh electron density and field 1. There thenode effect is
the effect, although that is partially compensated by a slightshifted too far downwards compared with the less absorbed
downshift from the IRIS beam center. Variations betweeno-mode, which penetrates closer to the center of the IRIS
polarisation modes and seasons are not that clear. beam.

The integrated cosmic radio wave absorption differences2.5 Model sensitivity tests
AA,, calculated according to Eq. (8), are shown in Fig. 4.
The absorption difference modelled for IRIS beam 9 is, in all In order to study the accuracy of the model, tests for model
the cases, larger than 0.01dB. The most significant paramsensitivity to changes of some parameters are shown in
eter is the antenna gain, which depends on the selection dfig. 5.
heater antenna field: in average, field 2 produces only half the The upper left panel illustrates how the absorption dif-
corresponding effect of field 1 in dB scale. An increase of theference estimates of all 24 modelled cases converge as a

www.ann-geophys.net/25/407/2007/ Ann. Geophys., 25, 407-415, 2007
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Fig. 4. Spatially integrated absorption differences for all combina- 0.005 0.005
tions of antenna fields (Array 1 and Array 2), modes(ido), sea-
son (red=summer, blue=winter) and electron density (low, medium, 0 0
high); in total 24 cases. -20 0 20 0 0.5 1
tilt angle [°] model factor

function of the number of tesselation& Y used. The de-

viation betweenV=401 andN=250 is 0.1% in average and Fig. 5. Model sensitivity tests. All panels show modelled absorp-
0.3% at a maximum. Hence, the us¥e=401 describes the tion differences in dB. Upper left panel: Integrated absorption dif-
geometry of the experminent well and, in fact, results ob-ference vs. number of tesselations used in the 3-D model (points)

tained withN =250 can as well be considered correct, if there and deviation from the 401-point case (solid line). Upper right
is a need for saving calculation time ’ panel: The effect of heater frequency calculated for the winter-time

A N medium electron density case and botrandx-modes. Solid lines

In the modellings shown in Fig. 4, only the lowest recom- represent the full frequency ranges of the two antenna fields. Lower
mended frequency was used for each antenna field (Field Jgeft panel: The effect of possible IRIS beam horizontal (solid line)
5.423MHz, Field 2: 4.04 MHz). In the current model, di- and vertical (dashed line) misalignment. Lower right panel: The
rectivity patterns are also available for one higher frequencyeffect of the model production/loss scaling factoexplained in
of each antenna field. Modelling using these higher frequenSect. 2.2.
cies (Field 1: 7.953MHz, Field 2: 5.423 MHz) was done
for both o- andx-mode under winter-time mediumN con-
ditions. The results are compared with the correspondingzenith angle tilts. Our estimate for the accuracy of the IRIS
lower-frequency cases in Fig. 5, upper right panel. Althoughbeam direction ist5 degrees, which corresponds roughly
the higher frequencies produce slightly smaller effects, theto a £10% error in the modelled absorption difference, at
difference is less than 0.002 dBIHz for both antenna fields. a maximum.
Hence, the variation due to different heater frequencies can The lower right panel of Fig. 5 shows the modelled ab-
be expected to be neglible, especially when taking into acsorption difference as a function of the model scaling factor
count the fact that the lowest frequencies are more often usef. The relation between absorption difference anig al-
in the EISCAT heating experiments (see Table 1), in contrasinost linear, which makes it easy to scale the modelled re-
to the seldom used highest frequencies. sults when comparing with the effects found by statistical

Beam 9 of the Kilpisjarvi IRIS riometer is pointing in the data analysis in Sect. 3.
direction from SE towards NW—{45° from the riometer),
which is close to perfectly matching the vertical EISCAT
Heater beam (the azimuth angle difference is only 1.5 de-
grees). Figure 3 shows that also the zenith angle of IRIS3 Statistical data analysis
beam 9 is close to optimal, providing the maximum heat-
ing effect well inside the beam according to modelling. The To study whether the modelled effect is seen in real experi-
lower left panel of Fig. 5 illustrates the importance of the ments, we have analysed IRIS absorption data from all beams
accuracy of the IRIS beam directions by showing the mod-shown in Fig. 1 for selected EISCAT heating experiments
elled absorption difference as a function of IRIS azimuth andduring 1994-2004.

Ann. Geophys., 25, 407-415, 2007 www.ann-geophys.net/25/407/2007/
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Dec ) ) Table 1. Heater configurations used during the selected experiments
| T 19942004, percentages out of 18417 on/off modulations.
Nov o »
(]
[ ]
Oct ¢ . Heater frequency Antenna field 1 Antenna field 2
5 = . . a (MHz) o-mode x-mode o-mode x-mode
e
P ¢ . 4.0400 - - 6.38%  19.4%
Aug 4.1000 - - 0.05% 0.35%
] 4.5400 - - 0.05% -
Jul ' _ 4.5440 252% -  057% 15.7%
T 4.9128 - - 2.95% -
Jun s of . 5.3430 2.77% - - -
May o 5.3830 2.34% - - -
5.4230 12.7% 13.8% 3.90% 0.39%
Apr ] 5.4400 - - 0.07% -
® . ° 5.4700 - - 0.34% -
Mar L] ® o 5.5000 - 1.00% 0.30% -
Feb s ° e 8 5.6230 - 0.07% - -
6.2000 3.88% 0.90% 0.11% -
Jan ) . 6.7700 - - 0.30% -
6.8000 1.14% - - -
1995 2000 2005 7.1000 0.23% 0.21% 2.82% -
Year 7.9530 2.81% 1.00% - -
8.0800 - 0.86% - -
Fig. 6. Dates of selected IRIS data 1994—2004. Total 28.4% 17.8%  17.9%  35.9%
46.2% 53.8%

3.1 Data selection

Data from vertical-beam heating experiments with simple. b " dqf tina th di b i
on/off modulation and on/off times from 1s (the IRIS time IS subsequently used for sorting the corresponding absorption

resolution) to 60 s were chosen. Imposing the latter restric—f:'ﬁe,fincis in thzfotl)lowmtg Stat'?t'cal analyt5|_s - Note that _thte
tion we avoid large natural background fluctuations during ow”background absorption catégory contains many points

the modulations. These data, covering in total 18417 on/oﬁmc negative absorption. These do not necessarily represent

modulations, represent all seasons, as shown in Fig. 6. Thlé)W eIectro? densn:es_ blljtgrg _m?kr]e I|ke_Iyt tge result of radio
heater parameters used in these experiments are summarisagH €S not properly inciuded in the quiet-cay curve.

in Table 1. In the right plot of Fig. 7 we see that the natural variation
of the absorption differences is larger than the majority of the
3.2 Absorption differences modelled differences shown in Fig. 4.

As a basis for the statistical treatment of the absorption3.3 Bootstrap median error analysis

data we define an absorption difference for each on/off-

modulation period as the difference between the mean ab¥o find the possibly very small statistical offset of the ab-
sorption during the heater-on period and the mean absorpsorption differences we use median estimates rather than av-
tion during the following heater-off period. If the absorp- erages because of their robustness in the presence of outliers.
tion of cosmic radio noise is enhanced due to the heatingJTo quantify the accuracy of the median estimates without
as theoretically predicted, the distribution of the absorptionmaking any assumptions of the statistical distribution of the
differences should have a positive offset for the overlappingdata, a Monte-Carlo method called bootstrap analysis (Efron,
beam (beam 9) as compared with the other beams. In Fig. 7979) is used. In this approach it is assumed that the stud-
the left plot shows histograms of the background absorptioried samples represent the statistical properties of the system
and the right plot shows histograms of absorption differencesvell, so that any random subset of the original samples has
for all selected experiments. The background absorption, dethe same statistical properties. It is then possible to obtain
fined as the mean absorption during each on/off-modulationgstimates for many subsets containing the same number of
is classified into “low”, “medium” and “high” as a measure points as the original data, and hence to study the variance of
of electron density. The limits are chosen so that one third otthe estimates in cases of different weightings of the original
the data points fall into each category and this classificatiordata.

www.ann-geophys.net/25/407/2007/ Ann. Geophys., 25, 407-415, 2007
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o Background absorption Absorption difference all low BG medium BG high BG
| all data
i— 5
low medium high
200 +
beam 9 beam 9
reference reference o
beams beams & 0 !
o
100 <
=
0 -5
-1 -0.5 0 0.5 1 02 01 0 01 02
[dB] (dB] N=17988 N=5996 N=5996 N=5996
Fig. 7. Left panel: Histogram of background absorption (relative
to quiet-day curve) during all selected heating experiments. Lines
show the classification into low, medium and high background ab-

sorption cases, with one third of the points in each category. Righiz
panel: Histograms of calculated absorption differences for IRIS{
beam 9 and the reference beams (all beams except no. 9) for the: %
experiments.

We performed the bootstrap median estimates for 10 00( N=8355 N=3186 N=3787
random subsets of the original data and of the data sorted a«
cording to heater antenna field and background absorptior Array 2

Figure 8 shows these estimates for the 12 combinations o 5
heater experiments (all, field 1, field 2) and backgrounds (all,
low, medium, high). Error bars show the 95% confidence in- {r
tervals, i.e., 9500 out of the 10 000 median estimates for eac o
beam and criterion of data selection are within the shown?, ©
limits. The results show a consistent offset in beam 9, excep =
for the combinations of field 1 and low background absorp-
tion and possibly also field 2 with medium and high back-
ground absorption, for which the data points are too few to -°
yield significant estimates.

Since the overlapping beam number 9 is the only one
where the offset is always positive, we are confident that
the difference is a result of the EISCAT heating experiments,
even though the magnitude of the effect is very small. InFig. 8. Medians of the observed absorption differences, with 95%
fact, the effect is smaller than the digital quantisation of thebootstrap error bars, for all IRIS beams. Beam 9 is shown in red.
IRIS A/D converter. However, this is not a limit for the res- Upper line: All selected experiments. Middle line: EISCAT Heater
olution of the estimates shown in Fig. 8, because these arantenna field 1 experiments. Lower line: Antenna field 2 experi-
based on medians of many data points with a reasonable nafeents. Leftmost column: All data. Other colum_ns: Selected data
ural variance. It can be concluded that the median absorptiof/ O™ the three categories of background absorption.
enhancement is 0.002—-0.005 dB.

L= —

N=9633 N=4614 N=2809 N=2210

1 49 1 49 1 49 1 49
beam number beam number beam number beam number

small compared with the background variation (see Fig. 7),

but would be detectable even within single heating experi-
4 Discussion ments. Moreover, in most of the modelled cases, especially

in those experiments using antenna field 1, the effect should
The input parameter sets used in our 24 modelling casebe higher, up to 0.07 dB at a maximum. The sensitivity stud-
are chosen to represent the variety of typical conditions andes in Sect2.5 show that the modelled results are robust to
heater parameters. The most typical experiment condition ivariation of heater frequency and also to all conceivable in-
a combination of winter time, medium electron density, an-accuracies of IRIS beam directions. We have also verified
tenna field 2 and heatermode, which gives an absorption that the spatial resolutiorM=401) used in the modellings
difference of 0.02dB. An effect of this magnitude is still describes the geometry of the experiment sufficiently well.

Ann. Geophys., 25, 407-415, 2007 www.ann-geophys.net/25/407/2007/
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The statistical analysis shows, however, that the effect inAcademy of Finland through the project “Variability of solar en-
reality is very small. Large data sets containing data fromergetic radiation and chemical aeronomy of the mesosphere”.
the entire period 1994-2004 were necessary to discriminate Topical Editor M. Pinnock thanks A. Kotikov and another ref-
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