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Abstract. A large database of Solar Proton Events (SPE)1 Introduction
from the period 1995 to 2001 is used to investigate the rela-
tionship between proton flux at geostationary orbit and Cos-Solar Proton Events (SPE), also known as Solar Energetic
mic Noise Absorption (CNA) in the auroral zone. The effect Particle (SEP) events, originate during active solar condi-
of solar illumination on this relationship is studied in a sta- tions, though arguments continue as to whether the parti-
tistical manner by deriving correlation coefficients of integral cles are energised during the release of the X-ray flare or
flux and absorption as a function of solar zenith angle limit, through acceleration by solar wind shock fronts driven by
thus both an upper limit on the angle and the best correlategoronal mass ejections (Krucker and Lin, 2000). Regard-
integral flux of protons are determined (energies in excess ofess of which theory is correct, or whether it is some com-
10 MeV). By considering the correlation of various energy bination of the two, SPE are major (though relatively in-
ranges (from the GOES 8 differential proton flux channels)frequent) space weather phenomena that can produce haz-
with CNA the range of proton energies for which the rela- ardous effects in the near-Earth space environment. Protons
tionship between flux and absorption is best defined is estabin the MeV energy range are the dominant species in SPE,
lished (15 to 44 MeV), thus confirming previous predictions although lower fluxes of heavier ions (e.g. He, Fe and O in
about which proton energy ranges are most effective in giv.VariOUS Charge states) and electrons are also present. The
ing rise to absorption during Polar Cap Absorption (PCA) ionospheric effects of SPE were first identified following the
events. An empirical relationship between the square roofnajor event of 23 February 1956 (Bailey, 1957), when large
of the integral proton flux and the absorption, measured bysignal losses on high-latitude VHF communication circuits
the imaging riometer at Kilpigirvi (IRIS), is determined and  were detected. The increased ionisation at low altitudes also
departures from linearity and possible causes are examinedesulted in the sudden disturbance of phase and amplitude on
Variations in spectral “hardness” and in collision frequency LF and VLF radio signals (Allen et al., 1957; Belrose et al.,
are demonstrated not to be significant causes of the observekP56; Ellison and Reid, 1956; Pierce, 1956). Around this
departures from a linear relationship. Geomagnetic activitytime, Japanese researchers (Hakura et al., 1958) described
may be a significant factor in changing the relationship be-polar cap effects observed before major geomagnetic storms
tween the absorption and the square root of the integra| probased on observations of blackouts recorded by ionospheric
ton flux, although it is concluded that the cause is likely to besounding equipment.
more complex than a straightforward dependencé&gn It Events similar to that of February 1956 were found to oc-
is suggested that the most significant factor might be a bia§ur to the order of one per month. The protons gain access
in the absorption estimates imposed by the presence of S30 the ionosphere through the polar caps and due to the high
lar Radio Emission (SRE), which is not routinely measuredenergies involved can cross closed field lines into the auroral
at the operating frequency of IRIS, making its precise effectzone; thus, these events became known as periods of Polar
difficult to quantify. SRE is known to be most prevalent un- Cap Absorption (PCA) and the principal method of observ-
der conditions of high solar activity, such as those that mighting them is through the use of a riometer (Relative lono-
give rise to solar proton events. spheric Opacity Meter using Extra-Terrestrial Electromag-
netic Radiation), which measures the absorption of the cos-

Key words. lonosphere (particle precipitation; solar radia- mic radio noise at a given high frequency, usually between
tion and cosmic ray effects; polar ionosphere) 20 and 60 MHz.
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Since the cosmic noise absorption (CNA) is directly linked 2 Theory and Instrumentation
to the precipitating flux of solar protons, several workers
have attempted to derive empirical relationships between th.1 Integral flux and absorption
two parameters. Measurements of proton flux have been ob-
tained through the use of rocket (Fichtel et al., 1963) andTraditionally, auroral absorption is taken to occur at heights
balloon instruments (Bailey, 1964) and compared with day-close to 90 km and is caused by the precipitation of electrons
time observations of absorption at 30 MHz. In 1960 protonwith energies in excess of a few keV. During PCA the ma-
intensities greater than 30 MeV were measured by detecjority of radio absorption occurs at lower altitudes due to the
tors on the Explorer 7 satellite and compared with data fromprecipitation of high-energy solar protonsi MeV). The at-
27.6 MHz riometers at College, Alaska and Thule (Van Allen mospheric penetration of these particles is much greater than
et al., 1964). A relationship was derived linking the integral that of typical auroral electrons, with 100 MeV protons de-
flux with the square of the absorption but the ratio of the two positing energy at altitudes around 30 km (Reid, 1974). A
varied considerably during several events. Reid (1970) de¥elationship between a mono-energetic flux of particles and
termined that the best correlation between integral fluxes anén ionisation profile in the atmosphere has been described by
the CNA during the event of 5 February 1965 was for protonsRees (1989) and for a given particle energy the ion-electron
with energies in excess of 20 MeV. More complex methodsproduction rate is proportional to the incident flux of charged
have also been proposed, involving the derivation of protonparticles.
flux spectra and the use of ionisation models (e.g. Adams The D-layer of the ionosphere can be represented as a
and Masley, 1965). Juday and Adams (1969) determinedChapman alpha layer with an effective recombination coef-
that the ratio of integral flux to the squared absorption wasficient that includes the attachment of electrons with neutral
least sensitive to model proton spectra for a threshold energgpecies to form negative ions, as well as the recombination
of 11 MeV. Potemra (1972) determined that the best relationwith positive ions. In this case the production rate (and thus
ship was obtained for a threshold energy of 7 MeV based orthe flux) is proportional to the square of the electron con-
calculations from events in the period 1960 to 1967 and us<centration (e.g. Hargreaves, 1995). For slowly varying re-
ing power-law proton spectra. It was further concluded thatcombination rates CNA is approximately proportional to the
the daytime polar cap absorption is most affected by 15 MeVheight-integrated product of the electron density and the ef-
protons, although a lack of differential flux measurementsfective collision frequency (e.g. Hargreaves, 1969). By con-
made this impossible to verify. sidering an integral flux of protons, which deposits across a
range of altitudes, the height-integrated absorption is propor-
tional to the square root of the flux as long as the collision fre-
quency profile does not change rapidly with time and the ab-
sorption is observed on a constant frequency. If only daytime
In this paper we return to the simple method of comparingvalues are considered and the twilight transition is neglected,
the satellite integral fluxes with the cosmic noise absorptionwe implicitly assume a constant recombination coefficient.
in the auroral zone to determine an empirical relationshipThis approach mirrors the assumptions made by Patterson et
between the two parameters with the aim of demonstratingal. (2001), who simplified the recombination coefficient into
how unreliable the technique can be without consideration othree cases: illuminated ionosphere, non-illuminated iono-
geomagnetic and, particularly, solar effects. Only daytimesphere and high altitudes 85 km).
observations are used, since the complex chemistry of the
D-region leads to significant electron depletion at night and2.2 Imaging Riometer for lonospheric Studies (IRIS)
the determination and implementation of recombination co-
efficients are beyond the scope of this work. The day/nightFor this study CNA data have been taken from the Imag-
dependence is illustrated by comparing the solar zenith angléhg Riometer for lonospheric Studies (IRIS) at Kilgisyi,
with the correlation coefficient of the absorption and integral Finland (Browne et al., 1995), located in the auroral zone
proton flux for a number of threshold angles. It is shown (69.05 N, 20.79 E geographic coordinates). Due to the
that an empirical relationship based on observed absorptiogonfiguration of the magnetosphere and the existence of the
is subject to severe constraints; in particular, the effects ofnagnetotail, high-energy protons gain virtually uniform ac-
high geomagnetic activity and solar radio emission (SRE)cess to the polar cap (Reid and Sauer, 1967) and only the
are shown to contaminate the empirical approach, leading tdowest energies are prevented from crossing closed field lines
over- and underestimation of the absorption, respectively. Itinto the auroral zone. Thus, IRIS measures the vast majority
is concluded that any empirical method must be treated careof protons responsible for the PCA.
fully and that suitable ionisation models should be employed IRIS is operated by Lancaster University (UK) and has
to gain a more realistic measure of the PCA from satellite ob-been recording data since September 1994. It is based on a
servations. Riometer observations of PCA during high solardesign from the University of Maryland (Detrick and Rosen-
activity must also be handled with care, since it is estimatedberg, 1990) and consists of a phased array of 64 dipole an-
that the observed signal can deviate from the true ionospheritennae that generate 49x7) narrow beams. The whole ar-
absorption by a few decibels. ray is sampled every second and data recording is arranged
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SL,JCh .t.hat. each second is,diVidE,’d into eight time slots. TheTable 1. Corrected differential and integral proton flux channels
Kilpisjarvi IRIS uses the eighth time slot to record the output o the EPS instrument on board the GOES-8 satellite.

for a co-located wide beam antenna, with a beam width of

~94°. This is similar to the design of the original and most Channel Differential (P) Integral (1)
common variety of riometer (Little and Leinbach, 1959), MeV MeV
which uses a broad beam to monitor the cosmic radio noise. 1 0.6-4.2 >1
Since PCA events tend to be spatially uniform it is unneces- 2 4.2-8.7 >5
sary to use a narrow beam of the riometer, which would be 3 8.7-14.5 >10
useful for distinguishing the absorption from narrow features 4 15-44 >30
(e.g. Collis et al., 1996); thus, the data presented in this paper S 39-82 >50
come from the IRIS wide beam. However, the broad receiv- 6 84-200 >60

7 110-500 >100

ing beam pattern of these instruments leads to the detection
of absorption from a range of angles from the zenith, leading
to an overestimation of the true ionospheric absorption. Har-

greaves and Detrick (2002) have developed corrections to the . .
wide beam of IRIS that depend on the observed absorlotionalpha particle and electron fluxes. Proton data provided by

these have been applied to the data presented here NOAA are in two forms: integral and differential fluxes in
Although the instrument records data every second foS8Ven energy channels (described in Table 1), all at 5-min res-
' ution. In the differential channels the lowest energy thresh-

this experiment these values have been averaged over 5mi L )
since PCA tend to be slowly varying. The Kilfisyi IRIS old (P1) primarily responds to trapped outer-zone particles

has an advantage over riometers that have been used pre energy=>1MeV); the P2 channel occasionally responds to

f lov). the l occa: .
ously to develop empirical relationships with the proton flux, rapped particles during magnetically disturbed periods. The

) X L higher channels respond only to the presence of solar pro-
h .2 MHz, which - : . .
In that it operates at 38 2, which s a protected astron tons. Throughout this papef(>X) will be used to describe

omy frequency, and so is theoretically resistant to contami-__ . ] :
nation from HE transmitters. an integral flux of protons with a threshold energy, X, given

Since the riometer actually monitors the level of cosmic In Mev.

noise, some measure of the background signal prior to at: Figure 1 displays the footprint of GOES-8, located in
P 9 gnal p Northern Canada at 356.9ongitude AACGM (Altitude
tenuation is needed to account for the absorption. In the, . . )
o . : « .. Adjusted Corrected Geomagnetic Coordinates - Baker and
IRIS system this is accomplished by generating a “quiet-

day-curve” (QDC) based upon at least 14 days of IRIS ob-ng’ 1.989) a_nd onan L-shell of 6.85 E_arth radti). Also
. . . . . : hown is the field of view of the IRIS wide beam antenna at
servations. The basic technique is described in Browne €

al. (1995), although the algorithm has been modified some- 04.3 and on an L-shell of G'OBE.' Thus, IRIS and C.;OES
; . ; 8 are separated by 107.4f longitude and 0.7®g in L-

what to operate at the same resolution at which the instru- R ; . .

- shells (~1.5° geomagnetic latitude). It is assumed that the

ment records data and to remove the bulk of the solar radio

contributions from the QDC. The use of 14 days of data en_|nC|dent solar protons bombard the atmosphere in a uniform

sures that effects such as high snow levels and solar ioni[nannersuch that the large separation between the two instru-

sation do not figure in the absorption output. Although thements Is notimportant. This approach has been implemented

QDC can be computed to an accuracy of greater than O_ldBoreviously when using the GOES satellites to provide mea-

; . ; surement of the incident proton flux at the top of the iono-
caution must be used when applying it to periods of solar ra- . i
) . - sphere (e.g. Hall et al., 1992; Hargreaves et al, 1993; Harg-
dio emission that can affect the position of the curve and so : . -
. X : reaves et al., 1987, and Collis and Rietveld, 1990). Similarly,

a cautious system error &f0.2 dB is often considered.

IRIS is sufficiently poleward of the quiet time absolute cutoff
é)oundary such that all but the least energetit MeV) pro-
tons will precipitate within the field of view (inferred from
Leske et al., 2001).

2.3 Geosynchronous Operational Environmental Satellite
(GOES)

NOAA (National Oceanic and Atmospheric Administra-

tion) operates the Geosynchronous Operational Environmeng  opservations

tal Satellites (GOES), each of which carries a package of

instruments designed to monitor space weather variations3.1 Event identification

Three principle measurements are made by the Space Envi-

ronment Monitor (SEM) system: X-rays, energetic particles Polar Cap Absorption events are inherently linked to the flux
and magnetic fields. The observations presented in this pasf energetic solar protons incident on the ionosphere. The
per are from the EP8 instrument on board the GOES-8 satelSpace Environment Center (SEC) maintains a list of all so-
lite, launched in 1995. This was the successor to the EP%ar proton events that have occurred since April 1976; the
(Energetic Particle Sensor) that flew on each of the previ-dentification criterion is based upon a minimum integral flux

ous GOES spacecraft. EP8 uses a series of solid-state def protons at geostationary orbit (i.e. the GOES spacecraft).
tectors with pulse-height discrimination to measure proton,Thus, a solar proton event is defined to occur only when the
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N 0\79

3 ¢ ) Fig. 1. Map displaying the position
! of the GOES 8 footprint (indicated by
& % and the field of view of the IRIS
wide beam riometer (at 90 km altitude).
" & The footprint of L=6.5 is depicted as a
‘, B thick black line demonstrating that the

) & two instruments are on similar L shells.
%50 ¢{%\ These are average values having been
Y calculated for each year (from 1995 to
w I D] 2001) using the International Geomag-
N netic Reference Field (IGRF) model.

flux of protons with energies above 10 MeV is greater than,became much more variable. Figure 3 shows event 42 from
or equal to, 10cm?s 1sr ! (p.f.u. - particle flux unit). In  Table 2 in the same format as Fig. 2. This event began late on
this study the data have been restricted to events that occurreztt September 2001 and lasted for 6 days. In contrast to the
between 1995 and 2001 inclusive, which cover the first severpril 1998 event this PCA demonstrates more variability in
years of IRIS operations. This leads to 51 separate events dhe absorption signature. A number of negative spikes occur
varying duration, comprising over 90 days of solar proton close to local noon on each of the days, suggesting enhanced
observations. Table 2 lists the start and end times of the saosolar radio emission. The absorption signature is more vari-
lar proton events together with their maximum p.f.u. as farable after 20:25 UT on 25 September, when a coronal mass
as the authors are aware this is the largest database of evergfection buffeted the magnetosphere, driving e index
that has been used in a study of this kind. up to 7+. Two more CME impacted the magnetosphere in
In the next section two of the listed events are briefly pre-this period (29 and 30 September).
sented. These have been selected because they demonstrat& hese two isolated events demonstrate how variable the
the general characteristics of PCA and SPE whilst showingPCA signature can be between cases from a riometer located
how both geomagnetic and solar activity can influence thein the auroral zone. Electron precipitation following injec-

observed structure. tion during substorms can lead to increased structure in the
absorption, and solar radio emission can also lead to devi-
3.2 PCA/SPE examples ations from the signal due to the proton precipitation. The

April 1998 PCA was generally free from magnetospheric
The top panel of Fig. 2 displays the solar proton flux in threecontributions (at least from the 20-23 April), whereas the
integral channelsx(10, >30 and>100MeV as described in  September 2001 event, which occurred closer to solar maxi-
the legend) from the SPE that began on 20 April 1998 (evenimum, exhibited much greater contamination from both mag-
4 from Table 2). The middle panel displays the cosmic noisenetospheric electrons and solar radio emission. Thus, itis ap-
absorption (CNA) observed by IRIS at this time; the onsetparent that when attempting to derive an empirical relation-
was at~14:00 UT following a small negative deflection in ship between the proton flux and the cosmic noise absorption
the absorption that corresponded with a type Il radio sweepthere are some constraints that must be considered. The most
emitted at the same time as the X-ray flare and solar propasic limit is the effect of solar illumination; for this study we
tons. Nighttime values are reduced due to the attachment cére only interested in examining the daylight absorption and

electrons to neutral species that occurs in the lower D-regiorso all values that correspond to a dark ionosphere must be
during periods of darkness (Reid, 1974; Rietveld and Col-discarded.

lis, 1993). The absorption varied slowly for the first two full

PCA days, tracking the structure in the GOES proton data3.3 Solar zenith angle

during daylight hours; this corresponded with quiet to un-

settled geomagnetic activitk(, <3), as demonstrated in the The solar illumination of the ionosphere plays an impor-
bottom panel. For the majority of the fourth day (23 April) tant role in the chemistry through both photodetachment of
CNA was slowly varying except for a sharp negative spike electrons and photodissociation of ions (e.g. del Pozo et
from a type IV radio sweep that began at 05:38 UT and lastedal., 1999). This effect is most prominent at twilight as the
until 06:20 UT. Towards the end of 23 April an interplane- Earth’s shadow height increases/decreases, leading to a re-
tary shock struck the magnetosphere leading to enhanced géuction/enhancement in the electron concentration (Collis
omagnetic activityX , jumped from 1- to 5 as the absorption and Rietveld, 1990). Thus, the solar zenith angle can be used
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104 T T T T

— >10 MeV
=== >30 MeV
---- >100 MeV

102 |

100 3

Integral Flux
(cm2 s sr)t

Fig. 2. Example of a PCA event from
April 1998. The top panel shows the
proton flux measured by GOES-8 in
three integral energy channels. The
middle panel displays the cosmic noise
absorption measured by the IRIS wide
beam riometer and the bottom panel
shows thek , index for the event. The
start of the solar proton event is indi-
cated by the vertical dotted line. Grey
shading in the middle panel highlights
periods of identified solar radio emis-
sion. Activity was generally low except
for late on 23 April when a CME struck
the magnetosphere; note the increased
variability in the absorption following

21/04 22104 23/04 24/04 25/04 the impact compared with before.
UT (day/month)

102
aF

Absorption
(dB)

Kp Index
o B N W A~ 0 O O

T T T T

— >10 MeV
=== >30 MeV
---- >100 MeV

sl ] Fig. 3. Example of a PCA event from
September 2001, in the same format
2t \\4¢ § as Fig. 2. Note the increase ik,
1t Ww late on 25 September when a CME im-
(’ pacted the magnetosphere; this is re-
P ; . : : : : - flected in the absorption data as a sharp

rise shortly before midnight. At the

J same time the lower two energy chan-
nels from GOES-8 display increases in
flux as the interplanetary shock acceler-
ates the protons. Note that the absorp-
tion is more variable during this event,
plus there are negative spikes and bays

25/09 26/09 27/09 28/09 29/09 30/09 01/10 around local noon on each day
UT (day/month)

Integral Flux
(cm2 s sr)?

Absorption
(dB)

K, Index

as a proxy for the level of solar illumination and the effect points that contribute to this varies from 17{§7=60") to
that this has on the relationship between the proton flux an®0281(x;,=135). At the lowest angle displayed it is clear
CNA can be explored. that the absorption and the square root of the flux are well
Figure 4 displays the correlation coefficien) etween correlated for several channel$(>1) to J(>50) all have
r>0.9, whereas the two higher energy threshold channels

the absorption and the integral proton flux for seven chan- N )
nels of the GOES 8 satellite from the combined data sets OPaver_<O.9( 0.7 for {(>1OQ)' During SPEJ(>10) can :
contain very energetic particles and so the slowly varying

the events listed in Table 2. This is presented as a funCtIorlc,tructure is reflected in the higher energy channels (e.g. the

of a limiting solar zenith angle.., I.e. for each value of, top panels of Figs. 2 and 3), though the signature may be dif-

the correlation coefficient is calculated using data for all so- . . . ,
. - ferent in the higher energy channels following acceleration
lar zenith angles below the limit; thus, the number of data g 9y g
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Table 2. All Solar Proton Events that contributed data to this study identified by number occurred since 1995 (first column). The second
column lists the day and time when the integral proton flux (threshold of 10 MeV) rises above 10 p.f.u.. In the third column the end time and
date of the event are indicated. The final column lists the maximum proton flux during the event.

SPE onset: Date and time (UT)

SPE end: Day/time (UT)

Max. p.f.u

©oO~NOO ;P wWwN R

1995-10-20 08:25 UT
1997-11-04 08:30 UT
1997-11-06 13:05 UT
1998-04-20 14:00 UT
1998-05-02 14:20 UT

1998-05-06 08:45 UT
1998-08-24 23:55 UT
1998-09-25 00:10 UT
1998-09-30 15:20 UT
1998-11-08 02:45 UT

1998-11-14 08:10 UT
1999-01-23 11:05 UT
1999-04-24 18:04 UT
1999-05-05 18:20 UT
1999-06-02 02:45 UT

1999-06-04 09:25 UT
2000-02-18 11:30 UT
2000-04-04 20:55 UT
2000-06-07 13:35 UT
2000-06-10 20:45 UT

2000-07-14 10:45UT
2000-07-22 13:20 UT
2000-07-28 10:50 UT
2000-08-11 16:50 UT
2000-09-12 15:55 UT

2000-10-16 11:25 UT
2000-10-26 00:40 UT
2000-11-08 23:50 UT
2000-11-24 15:20 UT
2001-01-28 20:25 UT

2001-02-29 16:35 UT
2001-04-02 23:40 UT
2001-04-10 08:50 UT
2001-04-15 14:10 UT
2001-04-18 03:15UT

2001-04-28 04:30 UT
2001-05-07 19:15UT
2001-06-15 17:50 UT
2001-08-10 10:20 UT
2001-08-16 01:35 UT

2001-09-15 14:35 UT
2001-09-24 12:15 UT
2001-10-01 11:45UT
2001-10-19 22:25 UT
2001-10-22 19:10 UT

2001-11-04 17:05UT
2001-11-1912:30 UT
2001-11-22 23:20 UT
2001-12-26 06:05 UT
2001-12-29 05:10 UT

2001-12-30 02:45 UT

20/23:40 UT
05/13:40 UT
09/12:05 UT
24/15:50 UT
04/03:35 UT

07/01:40 UT
29/12:10 UT
25/02:30 UT
02/08:30 UT
08/02:45 UT

16/09:55 UT
23/16:45 UT
25/14:50 UT
06/05:50 UT
03/14:10 UT

05/05:15 UT
18/14:05 UT
06/01:55 UT
09/03:25 UT
11/11:30 UT

19/23:30 UT
23/23:10 UT
28/13:10 UT
11/17:40 UT
15/21:40 UT

17/02:10 UT
26/10:00 UT
13/07:45 UT
29/02:00 UT
30/00:35 UT

01/06:00 UT
06/13:40 UT
13/10:55 UT
17/17:00 UT
20/08:20 UT

28/05:20 UT
08/17:30 UT
16/12:10 UT
10/14:40 UT
18/18:45 UT

15/15:45 UT
30/17:10 UT
05/03:30 UT
19/22:55 UT
23/01:15 UT

10/07:15 UT
20/14:20 UT
27/21:00 UT
28/10:45 UT
29/22:50 UT

04/23:55 UT

63
72
490
1700
150

210
670
44
1200
11

310
14
32
14
48

64
13
55
84
46

24000
17
18
17

320

15
15
14800
942
49

35
1100
355
951
321

57
30
26
17
493

11
12900
2360
11
24

31700
34
18900
779
76

108
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Fig. 4. The correlation coefficients-)

for 7 integral energy channels (from
GOES-8) are displayed as a function of
maximum solar zenith angle. The so-
lar zenith angle limit describes the high-
est value for which riometer and satel-
lite data have been used to determine
the correlation coefficient. Therefore,
each step iny; contains all data from
the previous step.
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Fig. 5. In the same format as Fig. 4,
however, now the differential flux chan-
nels from GOES-8 are used instead of
the integral channels.

Correlation Coefficient (r)

70 80 90_ 100 ) _110 120 130
Zenith angle limit

o
3
D e
S

by a solar wind shock, as has occurred before midnight on Figure 5 presents correlation curves for the differential
25 September 2001/ (>100) has a lower correlation, since flux of protons against the solar zenith angle limit; the en-
these patrticles are less likely to be responsible for the ionisaergy range for each channel is included in the legend and
tion that leads to the absorption; this is demonstrated by thoséisted in Table 1. Two of the GOES channels, covering an
periods whery (>100) is in the noise level, e.g. 23—-24 April energy range of 15-82 MeV, exhilit-0.95 at a zenith angle
1998 (Fig. 2). The lower correlation of the(>1) channel  of 60°. Protons with energy in the range of 15-44 MeV retain
with the CNA may be attributed to too much variation; as a higher correlation as the solar zenith angle limit increases,
stated in Sect. 2, this channel (11 in Table 1) also containsvhereas the 39-82 MeV channel decorrelates at a higher rate,
geomagnetically trapped radiation which will display extra especially aftey; =84°. Modelling the spectrum of precipi-
structure over the riometer observations, even though it willtation (possibly using a power law to link the channels) may
encompass the flux of solar protons. make it possible to narrow the energy range, though results

J (> 10) has the best correlation with(>30) and J (>5) would depend heavily on the assumptions made in generat-
close behind. The-10 MeV protons do not decrease in cor- ing the spectrum.

relation by as much as the other energy channels (except h ; | o sol ith |
J(>100), until x;,=84° at which time the rate of decor- It appears that data from below84° solar zenith angle

relation increases; throughout, those protons with energiegan be used in the formation of an e_mpmcal relationship be-
in excess of 10 MeV correlate best with the absorption andeen the CNA at 38.2 MHz and the mtggral proton ﬂl.JX' Tl'h.e
we can infer that the range of proton energies that contribut est threshold energy for the protons is 10 MeV, which is in
most effectively to the observed absorption is within 10 and road agreement with the resuits of Juday _an'd Adams (1969)
50 MeV. A better estimate of the energy of the protons most(ll MeV) and Potemra (1972) (7 MeV). Similarly, the best

responsible for the PCA can be obtained by considering thgorrelation with the differential fluxes of protons is for the
differential proton fluxes and how well they correlate with €N€r9Y range of 15-44MeV and Potemra (1972) speculated
the CNA. that 15 MeV protons were most responsible for the absorp-

tion. The current findings would seem to support this. Hav-
ing established some of the limits on the proton contribution
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to polar cap absorption it is possible to attempt to fit a func-0 and—3 dB after that. Thus, even though the correlation is

tion to the riometer and particle sensor data. Since thosdigh, there are still problems with the linear relationship. At

times when photo detachment affects the absorption can nowigher flux levels the absorption is overestimated by as much

be removed the resulting relationship can be used to probas 4 dB and likewise the absorption is underestimated at the

the effects of both the geomagnetic and solar activity on themid flux range. In the next section we discuss possible expla-

lower ionosphere during solar proton events. nations for this problem and examine the effect of removing
data from geomagnetically active periods.

4  Flux — Absorption Relationship

In the following derivation of an empirical relationship be- 5 Discussion

tween the proton flux and CNA, we concentrate on the

integral flux of protons above 10MeV, which precipitate So far, it has been demonstrated that for the polar cap absorp-

tion and solar proton events between 1995 and 2001, there is

thr_:_)rl:gr;grl:t tzeriltt.';undgggg?iﬁ;;@eo?bsghbﬁg ;eglno dn.G oesdn excellent correlation between the square root of the in-
g durat vatl tegral flux of >10MeV protons with the cosmic noise ab-

provide a large database for determining the absorptlon'ﬂu}%orption observed in the auroral zone. The correlation is best

relationship. By using a geosynchronous satellite, contmu—when data for solar zenith angles greater th&e® are ex-

ous observations of proton fluxes are possible during the en:1uded (Fig. 4). Around 84there is a sudden decrease that is

R:j %rtar:(leono?;? izlsaéspé?tgr? oEr\k/)(iat?r:' r:t:iretchrzrf]t k()slsr:%llllmi- ossibly related to the effects of the sunrise transition when
P P gsp Y Mhere is a delay in the build-up of atomic oxygen that Collis

90 minute orbits). It is assumed that the separation of the : .
instruments £8 h of MLT) should not adversely affect the and Rietveld (1990) linked to the rate of electron detachment

. . through reactions with both ionic ozone and £OSince
results, as explained in Sect 2.3. g £

' . . all twilight values contribute to the correlation calculation
Section 2.1 desc_rlbed how the CNA should vary with the does not decrease as much as it might for just sunrise. The
square root of the integral flux (e.g. Van Allen et al., 1964;

. ; ) . increasing rate of change in the decorrelation observed after
Reid, 1970; Potemra, 1972). In this case a relationship of th%00 is Iinkged to the movgement of the Earth’s shadow height
form:

upward through the ionosphere as oxygen is rapidly depleted
A=mJJ(> 10) + ¢ 1) and photodetachment of electrons can no longer take place
(Reid, 1974; Collis and Rietveld, 1990).
is fitted to our results, where A is the absorption in decibels, Although initially promising with a high correlation
J(>10) is the integral flux of protons with energy greater (r=0.975), the fit of the square root of the flux to the CNA
than 10 MeV (cm2s~1sr1), andm andc represent gradient  (Fig. 6) leads to a wide spread of residuals and distinct trends
and intercept, respectively. at the higher flux values. One parameter that may upset the
Figure 6 displays the scatter of absorption with the squarecomputation is the effective collision frequency, which so far
root of the>10MeV integral flux (top panel). The line of has been assumed to remain relatively constant in time at
best fit is also displayed, and the values#foandc are 0.074  all altitudes. The electron-neutral collision frequency is the
and 0.067, respectively. All levels &, have been included dominant factor in determining ionospheric absorption. It
in the fit, but only absorption values from periods with a so- depends on two factors: the concentration of the various at-
lar zenith angle of less than 8Gave been included. This mospheric constituents and the temperature of the electrons
safely removes the sudden change in correlation observed i(Schunk and Nagy, 1978; 1980). The neutral density and
Fig. 4 and results in a correlation coefficient of 0.975. An collision frequency increase exponentially with decreasing
intercept of zero {=0) would represent the ideal case, in altitude. As a result, electrons become thermalized; at lower
which the GOES sensors measured no proton flux and thaltitudes the temperature of the electrons is considered equal
riometer recorded no absorption. The method of determinto that of the neutral species but if this is not the case, then
ing the absorption for IRIS through quiet-day curve gener-collisions will increase, in turn affecting the absorption. Fric-
ation leads to a negligible contribution from solar illumina- tional heating leads to an increase in ion temperature, but the
tion. Error margins have been calculated for the fit to the dataon-electron collision frequency has only a small role in the
through a least-squares method and yield a median correctioeffective collision frequency at heights where radio absorp-
of £0.376 dB (the maximum was$0.377 dB); this overlaps tion is appreciable. The electron temperature increase during
the ideal value of 0 dB fox/J (>10)=0. frictional heating is significantly lower in the F- and E-layers
The bottom panel of Fig. 6 plots the residuals (observed(Schlegel and St.-Maurice, 1981) but does become compara-
minus calculated absorption) and for a good fit to the datable in the D-layer. Stauning (1984) determined that strong
these should be scattered evenly around zero with no trendglectric fields in the polar cap (invariant latitude£y ¢ould
This is reasonably true belowJ=20, with the bulk of the raise the E-region electron temperature sufficiently to pro-
scatter £90%) within +1 dB. After /J=60 there is a dis- duce additional absorption of 0.5dB on a 30 MHz riometer.
tinct trend from high to low values in the data, with most scat- For IRIS (operating at 38.2 MHz) this translates to a max-
ter located between 0 and 3 dB befafé =100, and between imum increase of~0.3dB which is well within the error
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. Fig. 6. Linear fit between the square
[ 4 root of the >10MeV integral flux
(J(>10)) and the CNA from the wide
. . beam riometer. The top panel displays
Tt e the scatter of the points and line of
" best fit; the coefficients of the fit are

i L displayed. The bottom panel presents
B X the residuals (Observed minus calcu-

: lated absorption) as a function of the
square root off (>10). Note the trends
at higher flux values. The correlation
coefficient between the two fitted pa-
rameters is 0.975.
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Fig. 7. Residuals of the fit plotted
as a function of the ratioR=J(>30)

W to J(>10). R provides a simple in-

. dication of the hardness of the spec-
R - 3 trum of precipitation by determining
how much of the-10 MeV protons are
also>30MeV. A spread of absorption
J lies belowR =0.3; the bulk of the resid-
uals are betweeitt1 dB (~85%). There
-3 L L L L is no readily apparent trend in the resid-

0 0.2 0.4 0.6 0.8 1 . -
. . _ uals that suggests consistently higher
Ratio of integral fluxes (R = J(>30)/J(>10)) errors at larger values &,

Residuals (dB)

estimate. Thus, it is not expected that increased collision frefower altitudes (30-50 km). Whilst resulting in lower elec-
quency would lead to dramatic changes in the flux-absorptiortron concentrations this could still lead to higher integral ab-
relationship. sorption; i.e. although the “softer” protons occur in greater

The collision frequency may still play an important role fluxes and produce more ionisation, the more energetic pro-
due to the Varying deposition of the solar protons in differenttons will still provide a considerable contribution to the ab-
events. The following section investigates how CNA result- sorption.

ing from a “hard” spectrum of precipitation differs from that 1 (a5t the dependence of CNA on the spectrum of proton

due to a less energetic shower of protons. precipitation, Fig. 7 plots the residuals of the empirical fit as
a function of the ratioR, of J(>30) to J(>10); there are
5.1 Spectral hardness few examples of the proton flux being composed of predom-

inantly >30 MeV particles £2% with a ratio>0.5). AsR
For comparable electron densities the cosmic noise absormpproaches 1 there is a spread of absorptioh3 dB) but
tion is greater at lower altitudes due to the effects of thethere are few data points to draw meaningful conclusions
electron-neutral collision frequency. This may have a sig-(~0.5%). Most of the data lies belo®=0.3(~94%) and
nificant effect on the derived relationship when the spectrumthese points spread betweeni dB with a few extending to
of proton precipitation varies significantly; either during an £3dB. There is no discernable trend in the data to suggest
event or between one event and the next. A “hard” spectrunthat the hardness of the spectrum has more than a very minor
of precipitation during SPE results in energy deposition atrole in affecting the flux-absorption relationship. There are
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1 Fig. 8. Flux-absorption relationship

Calculated Absorption (dB)
at 38.2 MHz

— K, mit=1 calculated for various upper limits of
! — K limit=3 1 K. Note the increase away from zero
05 — ip ::m:i 1 intercept for higherk ,. Overall, the
T Climit=9 gradient drops betweeR ,=3 and 9,
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ i ] however, the gradient rises frofi,=1
R S Y A 1~ S and fromK ,=5. The values of the co-

2 —_
VI(>10 MeV) (em” s sr) efficients are displayed in Table 3.

two other possible factors that could cause the observed variwere used to limit the data. Only those data for which
ation of the CNA: increased geomagnetic activity and solarwas less than the threshold value were then fitted, using a
radio emission. The following sections examine these, andinear relationship with the form of Eq. (1). Table 3 presents
explain how they might cause the measured absorption to bthe gradient ) and interceptd) for 9 values ofK,. Also

different from that caused only by solar protons. included are the corresponding correlation coefficients and
an associated error level in the absorption, derived from a
5.2 Geomagnetic activity least-squares fitting technique. The final column provides

the number of data points that contributed to the fit. Figure
We have used the planetafy index as our proxy for geo- 8 plots several of these lines (as indicated in the legend) for
magnetic activity. Since only daytime values are included inJ (>10) from zero to 2500 crm?s1sr1.
the flux-absorption relationship, the magnetospheric precip- Differences in the parameters are small, suggesting that
itation that we anticipate is from electrons that have drifted K, has no clear systematic effect on the relationship. A sep-
following injection during substorms. As such, the precipita- aration in the value of the intercept occurs betwégn=4
tion is likely to be more dependent on the night-side activity and K ,=5, leading to higher values for the larg&, in-
rather than on the local level. Relationships between absorpdices. This would be expected if electron precipitation is
tion andK, have already been determined (e.g. Hargreavescontributing to the observed absorption that determines the
1966; Kavanagh et al; 2003), whereas links between locatelationship. Highk, during PCA is often indicative of ge-
geomagnetic indicators and absorption are less well definecbmagnetic storm conditions following the impact of a CME
with known results being station specific (e.g. Oguti, 1963). associated with the SPE. Often this leads to acceleration of
The results plotted in both Figs. 4 and 6 contained datahe solar protons resulting in higher fluxes. Thus, one might
from all levels of geomagnetic activity, as defined by #yg  expect to see a higher gradient for higti&y, however, this
index. This did not seem to effect the correlation. During is not the case with the gradient diminishing affés=4,
the most active periods, however, there is a general tendencyuggesting that some other factor is involved in reducing the
for absorption to increase due to elevated precipitation of enobserved absorption. This is possibly solar radio emission
ergetic electrons (e.g. energylO keV). The nature of CNA  (SRE), which causes the observed absorption to deviate from
as measured through the riometry technique is such that théhe true level by enhancing the radio signal at the riometer
contributions of high-energy protons and electrons are cumufrequency. The following section explains the problems of
lative. In general, the electron contribution is likely to be a solar radio emission and examines four different PCA events
small percentage of the total absorption from the solar pro4n an attempt to determine whether SRE is a likely candidate
ton ionisation, but at times it could contribute as much asfor affecting the empirical relationship.
6 dB (e.g. Nielsen and Honary, 2000), though cases of such
high absorption are rare. Electron induced absorption ha%.3 Solar Radio Emission (SRE)
a broad peak on the dayside of the ionosphere (Kavanagh
et al., 2003 and references therein) in the post dawn sectoThe riometry technique is a relatively simple method of prob-
(06:00-12:00 MLT); thus, electron precipitation would lead ing the lower ionosphere and its ability to monitor during
to contamination of the flux-absorption relationship by cre- daylight hours is an improvement over many current optical
ating higher levels of absorption than the proton flux alonetechniques; however, there is a severe constraint on the use of
would warrant. daytime CNA observations, particularly close to solar max-
To investigate the effect of geomagnetic activity on the imum. At this time the Sun is more active in the emission
empirical relationship, a number of threshold valuekgf  of radio waves, as demonstrated in Sect. 3.2, where the PCA
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Table 3. Parameters of fits to the CNA and integral flux using the foAmum/J (>10)+c. Columns left to right display the maximuxi,
of the data used, the gradient of the fit, the intercept, the correlation coefficient, least-squares fit error and the number of points used.

max. m c r AA # of points
K, (dBl(cnfssn/?)  (dB) (dB)

1 0.076 —0.046 0.972 +0.211 1402
2 0.082 —0.069 0.964 +0.243 3230
3 0.081 —0.047 0.953 +0.249 4557
4 0.076 +0.012 0.960 +0.286 5279
5 0.071 +0.071 0.969 +0.331 6169
6 0.071 +0.079 0.967 +0.335 6481
7 0.072 +0.073  0.967 +0.345 6813
8 0.074 +0.068 0.971 +0.375 6964
9 0.074 +0.067 0.974 +0.376 7022

close to solar maximum suffered perceptible contaminationof the level of solar activity: the median sunspot number and
from SRE (Fig. 3). SPE and consequently PCA are mosthe f10.7 index for each event. The minimum number of
common close to the maximum of the solar cycle (Shea andlata points used to generate the fits was 439 for April 2001,
Smart, 2002), and the solar flares that lead to SPE are thenwhereas the maximum number was for the Bastille Day event
selves often accompanied by radio bursts and noise storm@65).
that reduce the amount of observed absorption from the true The intercepts closest to zero occur for the PCA events
level in the ionosphere (e.g. Ranta et al., 1993). Thirty-sixof April 1998 and July 2000 but the errors associated with
of the 51 events used in this study occurred in 2000-2001the fitted relationships for these two days are distinctly dif-
across the solar maximum. Figure 3 (bottom panel) showederent. In April 1998 the median error was over three times
that on many of the days of the September 2001 event, a negmaller than for July 2000. The two 2001 events also have
ative spike appeared in the riometer data close to local noorsimilar intercepts but their associated errors are separated by
At these times the apparent position of the Sun in the sky is~0.1 dB. These two events had a similar level of geomag-
within the receiving beam of the riometer, and the wide aper-netic activity throughout but the September event demon-
ture (~94° to the half power point) ensures that solar radio strates a much shallower gradient, very similar to the Bastille
emission is recorded, resulting in unrealistic negative absorpbay. Thus, the events with higher geomagnetic activity lead
tion and sometimes leading to saturation of the receiver. Ato lower absorption for higher fluxes than when activity is
further complication arises when the CNA is high (as is oftenquiet to moderate. Interestingly, two events of similar ac-
the case during polar cap absorption); when solar emissiotivity display very different gradients (over 1dB difference
occurs the observed absorption may not drop below zerofor J(>10)=3600 p.f.u), and two events with quite different
making it difficult to estimate when the observations deviatelevels of geomagnetic activity have very similar gradients.
from the true ionospheric cosmic noise absorption. It mightThe Bastille Day event peaked &t,=9 for daytime activity
be argued that through the use of a narrow beam riometecompared withk ,=5 for the September 2001 event.
this effect can be reduced (if not removed altogether), unfor- |n summary, there appears to be no clear relationship be-
tunately the radio emission is often so strong that the sidaween the level of geomagnetic activity and the gradient of
lobes of the riometer beam (although less sensitive than thene fitted curve. To some extent, it is obvious that one should
main beam) will be contaminated by the SRE and, thereforenot expect a direct relationship between a rapidly varying
affect the overall riometer signal (Kavanagh, 2002). A sim- quantity such as absorption and a discrete activity index such
ilar problem occurs using riometers deeper in the polar capask ,. Kavanagh et al. (2003) demonstrated that, although a
even when the main beam is not pointing towards the Surstatistical relationship could be applied over long time scales,
although the effect would probably be reduced. very significant variations in local absorption levels could oc-
Figure 9 presents the results of determining a flux-cur while the globak p index remained constant.
absorption relationship for four separate events, in each case These differences in behaviour between apparently similar
with a zenith angle limit of 80but with no restriction on the days can perhaps be better understood when the level of solar
level of geomagnetic activity. Two of the lines are from the radio emission (SRE) is taken into account. During the April
PCAJ/SPE described in Sect. 3; the solid line is for the April 1998 event (shown in Fig. 2), there was little contamination
1998 PCA and the dashed line is for the event in Septembeof the riometer measurements by SRE. The riometer mea-
2001. The remaining events are from 2—6 April 2001 (dash-surements made during the PCA event of September 2001,
dot) and 14-19 July 2000 (dotted) - the so-called Bastillehowever, exhibited a number of spikes and bays around lo-
Day event. Table 4 lists the parameters of the fit and alsacal noon (Fig. 3), and it is therefore inferred that the level of
lists the mediark, for the events, as well as two indicators SRE was high. The possibility therefore exists that the actual
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Fig. 9. Flux-absorption relationship
calculated for four separate PCA/SPE.
Coefficients of the fit are displayed in
Table 4. Both April 2001 and Septem-
ber 2001 had similar geomagnetic ac-
tivity levels, however, the Sun was more
active during September 2001; thus,
the gradient is shallower due to more
contamination from solar radio emis-
sion. Higher activity during the July
2000 event cannot compensate for the
increased SRE contamination.

Calculated Absorption (dB) at 38.2 MHz

0 10 20 30 40 50 60
Square root of integral flux (>10 MeV)

Fig. 10. Three lines are displayed de-
picting the relationship between the in-
tegral proton flux and the cosmic noise
absorption calculated for three ranges

Calculated Absorption (dB)
at 38.2 MHz
N

os5f & ‘ — 0<fl0.7<140 f of solar activity defined by theg'10.7
== 140<f10.7<210 index. Note that with higher activity the
0 ‘== f10.7> 210 . X
. . . : absorption reduces (fa/'J >10) due to
0 10 20 30 40 50

a combination of reduced gradient and

2 -1/2
VI(>10 MeV) (em” s sr) intercept (for the two higher ranges).

absorption levels in the September 2001 event were signif- It is important to note that even though we use #19.7
icantly higher than those measured by the riometer, as thand sunspot numbers as indicators of the level of solar ac-
presence of SRE would increase the received signal levelijvity, the authors are unaware of any published study link-
thereby decreasing the calculated absorption. For the PCAng these parameters directly to the solar radio emission at
events of July 2000 and April 2001 geomagnetic activity was38.2 MHz. Some evidence does exist linking the duration of
also significant, and the actual levels of absorption may thusSRE (as a percentage of the day) as observed by a riometer,
have been higher than that measured by the riometer, due twith the £10.7 flux and with the duration of X-ray emission
SRE contamination. above a threshold, and this will be the subject of a future
The dramatic extent to which SRE can affect absorptioninvestigation using IRIS observations during periods of low
measurements can be seen in Fig. 3. On 25 September 2003(§C|pltqt|on. Figure 10 d|splays the flux-absorption rglgtlon—
a large spike-like event occurred, which reduced the absorpSNiP derived under three different levels of solar activity, as
tion level almost instantaneously from some 3dB to nearderived from thef10.7 index. Higher solar activity leads to
zero. This variation was almost certainly due to a burst of2 drop in the calculated absorption from the same integral
SRE. It is instructive to compare this event to the sharp in-flux €xcept at relatively low PFU. This reduction is achieved
crease in absorption~(L3 dB), which occurred on the fol- _through decreases in the denyed grad_le_nt, as well as, in the
lowing day in response to a sudden storm commencementntercept values for the two higher activity bins. The asso-
Thus, it seems that the effect of SRE on absorption can eaLiated error of the relationship from highest solar activity

ily be double that caused by geomagnetic activity, and hag*0-54 dB) is more than double those of the first two bins
the opposite sense. (£0.27 dB). Thus, on a qualitative level the increased solar
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Table 4. Parameters related to the fit of absorption to the square root of the integral proton flux for the four events depicted in Fig. 9.
These include (left to right) the gradient, interceptc, median associated errakA, and three indices of the geomagnetic,( and solar
(f10.7 cm flux and sunspot number) activity.

m [ AA Median Median Median
(dB/(cm2ss¥/?)  (dB) (dB) Kp £107  Sunspot
number
April 1998 0.096 —-0.074 40212 2-(1.7) 91 38
July 2000 0.074 —-0.070 +0.673 4-(3.7) 223 302
April 2001 0.081 +0.185 +0.326 2+(2.3) 210 217
September 2001 0.068 +0.1354+0.409 3-(2.7) 270 278

activity can be shown to reduce the empirical flux-absorptionthe solar zenith angle due to chemical changes in the lower,
relationship through reduction of the observed absorptionunilluminated D-region, and data corresponding to zenith an-
Due to the daily nature of th¢g10.7 index and the relatively gles smaller than-80° show only small changes in corre-
low amount of corresponding PCA data that is available, itlation coefficient. Our results indicate that the integral flux
is impossible to quantify the effect of SRE at this stage, al-most responsible for PCA has an energy threshold of 10 MeV
though it is clear that SRE does lead to contamination ofand furthermore, we identify the most responsible protons
CNA during solar active periods. as having energy in the range of 15 to 44 MeV. These find-
A possible consequence of the effect of solar radio emisings confirm the results of previous authors. Although there
sion during PCA is false observations of the midday recov-is an excellent correlation between the flux and absorption
ery. This phenomenon was first described and defined byr=0.975) some serious underlying problems with the lin-
Leinbach (1961, 1967) and consists of a decrease in CNAear fit to the data have been discovered. The calculated and
observed near the edge of the cut-off boundary around noormeasured absorption levels can differ by as much as 3dB, al-
Satellite measurements of the precipitation of energetic parthough it must be remembered that in some cases short-term
ticles have confirmed the existence of this effect as a combiadditional electron precipitation may result in higher than ex-
nation of a local reduction in cut-off latitude (e.g. Reid and pected absorption. It appears that increased geomagnetic ac-
Sauer, 1967) and the development of an anisotropy in thdivity (as indicated by thek, index) does not seem to af-
pitch angle distribution (e.g. Paulikas et al., 1968). How- fect the overall correlation. We have demonstrated that SRE
ever, equatorward riometers are likely to be more susceptiblglays a large role in contaminating the measured absorption
to SRE due to the relative position of the Sun in the sky,and reducing it from the true value. In turn, this effects the
maximising around local noon, thereby either enhancing thederivation of a flux-absorption relationship, leading to an un-
effect or indeed producing a false observation of a midday re-derestimation of absorption. This is shown to dominate over
covery. Although this is speculation, the effect of solar radiothe geomagnetic effects by comparing four different PCA
emission on cosmic noise absorption measurements is suchith different magnetospheric conditions (as described by
that it seems likely that some observations of midday recovthe mediank,) and solar activity (defined by the average
eries are in fact an effect of increased solar radio signal atf10.7 cm index and sunspot number for the event). The
the riometer operating frequency. Comparisons of riometersvent with least geomagnetic and solar activity resulted in
close to the absorption cut-off boundary and deeper in the pothe smallest associated errét(.211 dB), whereas the event
lar cap may determine whether this could be an effect of SRBwith highest sunspot number arid, recorded the highest
since one would expect the solar emission to still affect theerror -0.673 dB).
poleward riometer measurement (to a lesser degree) whereas

a true recovery should be confined to the equatorward obser- Comparing relationships derived using data corresponding
vations. to different levels of solar activity demonstrates a trend of

lower absorption levels occurring for similar integral proton

flux at higher £10.7 values. This reinforces that SRE has a
6 Summary and Conclusions distinct effect on the CNA during solar active conditions, al-

though it is difficult to quantify this effect with the current
The relationship between cosmic noise absorption and soladata set. Since many SPE occur during the active phase of
proton bombardment has been investigated using 51 separatiee solar cycle, any attempt to derive or utilize an empirical
solar proton events of varying duration and intensity. As farrelationship must be treated with utmost care due to the ef-
as the authors are aware, this is the largest database used iffiexts of SRE. More thorough methods, in which the observed
study of this nature. This paper highlights the excellent cor-spectrum of precipitation is used to model the absorption,
relation that exists between high-energy protori@ MeV) are also limited by uncertainties in D-region recombination
and cosmic radio noise absorption in the auroral zone duringates, although steps toward resolving these problems have
solar proton events. The correlation is heavily dependent obeen undertaken by Hargreaves et al. (1987, 1993).
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