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Summary. From a study of 'abnormal quiet days' (AQDs) along the 0" 
meridian between 14 and 60" N, it was found (Butcher & Brown) that the 
minimum in H at stations on the poleward side of the S 4 ( H )  focus was 
formed by a small negative substorm event when the normal Sq (H) amplitude 
was reduced by a superposed northward field. 

In this paper we consider both the AQD event and the superposed north- 
ward field as a function of longitude and also consider in more detail the 
latitude variation of the superposed northward field. From such a study it is 
concluded that: (1) the AQD event is definitely due to a small magneto- 
spheric substorm event; (2) the superposed northward field varies smoothly 
with longitude falling to zero some 110" from the longitude of its maximum 
amplitude; (3) the superposed northward field has a variation with geo- 
magnetic latitude tending to zero near 20" and 70"N with a maximum near 
55" N in summer and 35" N in winter; (4) there is some evidence that the 
effect of the IMF penetrates into the mid-latitude E-region and its effect is 
latitude-dependent. Although the evidence supports the suggestion that the 
currents responsible for the superposed northward field flow in the E-region 
no suggestion as to the origin of the driving force of the currents is forth- 
coming. 

1 Introduction 

It is well known that the phase of S4 (H) shows considerable variability from day to day. 
Brown & Williams (1969) used this property to define arbitrarily classes of quiet days and 
defined an 'abnormal quiet day' (AQD) as a day when, for a mid-latitude station like 
Hartland, situated poleward of the focus, a minimum in H occurs outside the range 0830- 
1330 LT. A day where the minimum occurs within the range 0830-1330 LT is termed a 
'normal quiet day' or NQD. The properties of AQDs have been well documented by Brown 
& Williams (1969) and Brown (1975). Subsequently using hourly values of the magnetic 
H-data for the years 1963-64 from eight magnetic observatories situated between the 
latitudes of 14" and 60" geographical, and aligned approximately along the 0" longitude 
meridian, Butcher & Brown (1981) have attempted to explain the nature of AQDs and how 
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102 E. C Butcher 

their occurrence properties arise. The years 1963-64 were used since the occurrence of 
AQDs is highest in sunspot number minimum years (Brown & Williams 1969). It was found 
that for an AQD: (1) the amplitude of the normal S4 ( H )  variation (i.e. between 0830 and 
1330 LT) at stations like Hartland was reduced, and (2) a small negative ‘bay-like’ magnetic 
event occurred outside the 0830-1330 LT time range that lasted 3-4 hr which, because of 
the reduced amplitude of the normal S4 ( H ) ,  formed the new minimum in S4 ( H ) .  

The reduction in the normal S4 ( H )  amplitude at Hartland was such that at all latitudes 
considered, irrespective of the phase of Sq ( H ) ,  it was equivalent to the addition of a north- 
ward field to H, i.e. for stations on the poleward side of the focus the amplitude of the 
normal Sq ( H )  was decreased whereas for those stations on the equatorward side of the focus 
the amplitude of the normal Sq ( H )  was increased. The magnitude of this northward field 
was found to depend on the direction of the interplanetary magnetic field (IMF) it being 
greater on days when the azimuthal component of the IMF, By, was ‘away’ from the Sun 
(A-days, B y  positive) than when the IMF was ‘towards’ the Sun (T-days, By negative). It is 
seen that the sense of this added field is such as to cause an apparent poleward motion of the 
Sq ( H )  focus on AQDs, this movement being greater on A-days than on T-days (Butcher & 
Brown 1980). 

Over the latitude range considered it was found that the bay-like event was always 
negative, and for a given AQD had an approximately constant amplitude with latitude. This 
event was found to  be correlated with the component of the IMF perpendicular to the plane 
of the ecliptic, B, , which reached a maximum negative value approximately 1 hr prior to the 
attainment of the maximum negative value of the event. Such a correlation is similar to that 
obtained between magnetic substorms or bays and B, and hence this AQD event has similar 
characteristics to a mid-latitude bay but has a much smaller latitude. For the period 1963- 
64 the most likely value of this amplitude was found to be about - 6 nT, but, by considering 
AQDs in the sunspot minimum years of solar cycles 16-20 it was found that this amplitude 
varied considerably from one cycle to the next and appeared to be related to the annual sun- 
spot number of the following sunspot maximum (Brown & Butcher 1981). It was tentatively 
suggested that this variation in event amplitude could be related to the magnitude of the 
negative change in B, hence giving a physical meaning to the relationship of AQD occurrence 
in sunspot minimum years to the average annual sunspot number of the following sunspot 
maximum found by Brown (1974) and used in sunspot number predictions (Brown 1980). 

In view of the interesting properties of AQDs particularly with respect to their relation- 
ship to sunspot number prediction (Brown 1975; Brown & Butcher 1981) and their effect 
on the apparent position of the S4 (H)  focus it would seem appropriate to consider further 
the properties of both the event and the additional northward field associated with AQDs. 
In this paper we therefore consider both these properties, in order to determine both the 
longitudinal and latitudinal extent of their influence. 

2 Determination of event amplitude and superposed northward field associated with AQDs 

Hourly values of the magnetic H-component for the observatories shown in Table 1 for the 
years 1963-65 were used since they covered a fairly wide range of longitudes over a 
relatively narrow range of latitudes. The event amplitude was determined in the same way 
as described previously (Butcher & Brown 1981), i.e. using the Hartland data to select the 
AQDs, the average quiet day variation of S4 ( H )  at each station was obtained by taking the 
average of those NQDs in the month in which the AQD occurred together with those NQDs 
in the preceding and following month (giving a maximum of fourteen possible days in the 
average) and this average was then subtracted from the H-variation for the AQD. The event 
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Geographical 

Station Latitude Longitude 

Hartland 51"OON 4" 29'W 
Surlari 44" 40" 26" 15'E 
Svendlovsk 56" 44' N 61" 04'E 
Irkutsk 52" 10" 104" 27'E 
Memambetsu 43"55'N 144" 12'E 

amplitude was then determined by measuring the maximum deviation from the average 
trend each side of the AQD event. 

Now all the observatories used in this analysis were to the east of Hartland and their 
normal minimum in Sq (H) occurred mostly between 0030 and 1 130 UT hours. Hence, since 
both the event amplitude and the magnitude of the superimposed northward field were to be 
determined, only AQDs were considered where the event occurred in the period 1330- 
2230 UT such that the normal Sq (H) minimum could also be observed at all stations. Such a 
restriction limited the number of suitable AQDs to eight. The longitudinal variation of the 
amplitude of the event was found to vary from event to event, but overall there was a 
tendency for the negative magnitude of the amplitude to decrease the further east of 
longitude of the station, and in some cases the amplitude even went positive. This is shown 
in Fig. 1 where we have plotted for the eight days the amplitude obtained at the five 
stations. 

In order to determine the amplitude of the superposed northward field at each station, 
the amplitude of the average quiet day variation of Sq (H) and the amplitude of the 'normal' 
Sq (H) variation on AQDs were obtained by determining the maximum deviation of Sq (H) 
from the average night-time H, i.e. the average of the H-variation at 0030, 0130, 2230, 
2330, LT at each station was assumed to indicate the zero level of H for that station. The 
amplitude of the superposed northward field was then considered as the difference between 
the two amplitudes thus determined. 

In Fig. 2(a) we have plotted the average amplitude of this variation and it may be seen 
that there is a tendency for this amplitude to be a maximum near the longitude of Hartland 
and it decreases as one progresses east, and may even become negative (corresponding to a 
superposed southward field). 

3 The AQD event amplitude 

In a previous paper (Butcher & Brown 1981) evidence was presented that strongly suggested 
that the AQD events were bay-like perturbations of small amplitude and hence were 
associated with magnetospheric substorms. If they are indeed related to substorms then we 
must consider whether the longitude variations of amplitude shown in Fig. 1 are consistent 
with the effects we might expect to  observe in mid-latitudes. Rostoker et al. (1980) have 
discussed the signatures expected to  be observed in the H-variation in mid-latitudes 
associated with substorm events. Energy appears to be transferred from the solar wind into 
the nightside magnetosphere, via a mechanism that is not completely understood, when 
changes in the IMF occur which are usually, but not always, associated with the B, com- 
ponent of the IMF turning southward (i.e. B, negative). A substorm is triggered (releasing an 
amount of energy that depends on both the solar wind velocity and on the direction and 
magnitude of the IMF) and a current flows down into the auroral regions as a field aligned 
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Figure 1. AQD event amplitude as a function of longitude. 

current, westward as an electrojet in the ionosphere and back out into the magnetosphere as 
a field-aligned current. We may obtain some idea of the magnetic variation expected in this 
situation by considering initially only the outgoing field-aligned current (i.e. at the westward 
edge of the auroral electrojet) and constraining ourselves to  a latitude below the auroral 
electrojet region but above the equatorial region. Then at an observatory to  the west of the 
western edge of the electrojet the magnetic effect will be a negative depression whereas for 
an observatory to the east of the western edge of the electrojet the magnetic effect will be a 
positive change. An estimate of the expected longitude variation along a line of latitude may 
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Figure 2. Average amplitude of the superposed northward field as a function of longitude: (a) for eight 
AQDs determined at Hartland, (b) for six AQDs determined at Sverdlovsk. 
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Figure 3. Assumed magnetic field contours due to a field-aligned current situated at 0 and directed out of 
the plane of the fwre. 
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be obtained since the lines of constant magnetic field at the ground for such a current will be 
approximately circular. Hence, the amplitude of the southward component, B,, of this field 
B, at radius r (see Fig. 3) is B, sin 0 and since B, a llr then for a constant latitude B, a sin 20. 
Thus in moving westward from the western edge of the electrojet along a line of constant 
latitude we would expect the (negative) amplitude of the event to increase, reach a maxi- 
mum, and then decrease. The effect of the westward current flow of the electrojet would be 
to add an additional negative field at all longitudes to that due to the field-aligned current 
(its magnitude decreasing as the observer moves west away from the electrojet) causing the 
amplitude of the magnetic substorm event to go through zero somewhere near, but probably 
to the east of the outgoing field aligned current. In Fig. 1 we see that all the AQD events, 
except that which occurred on 1963.4.21, give a longitude variation of the amplitude con- 
sistent with what might be expected on the above argument. 

Differences in the longitudinal variation of the event amplitude observed in Fig. 1 from 
one AQD to another arise, on the above argument, from quite significant differences in the 
(inferred) longitude of the outgoing field aligned current. It is seen that this longitude may 
vary between 60" and 160" east. (Deviations from its expected variation occur due to the 
fact that all the stations are not located along the same latitude and so at Surlari and 
Memambetsu, which are at slightly lower latitudes, the amplitudes would be smaller than 
that expected. However, this effect is likely to  be small.) A crude estimate using Amp6re's 
Law and taking a field aligned current of 2 x lo5 amp located at 90" E and 80" N gives about 
4nT for the expected amplitude at Hartland which is of the order observed. 

The results presented here, taken together with the previously reported correlations of 
the AQD event with B, therefore appear to confirm that the AQD events are associated with 
magnetic substorms and are most probably negative mid-latitude bays of small amplitude. 

4 The magnitude of the superposed northward magnetic field 

In Fig. 1 we plotted the amplitude of each AQD event with longitude without giving an 
average variation for the eight events. From the discussion of Section 3 this was justified 
since for each event the form of the variation depends on the longitude of the western edge 
of the electrojet. Previously it was pointed out (Butcher & Brown 1981) that the magnitude 
of the superposed northward field had a diurnal variation which appeared to be related to 
the ionospheric conductivity but it was established that the field did appear to  be present 
throughout the whole day. It was suggested that this northward magnetic field might be 
caused by an electric field that drives a west-east ionospheric current on both sides of the 
Sq ( H )  focus. Thus it seems reasonable to take an average value of the superposed northward 
field at each station which would then at least represent the average change in its magnitude 
with longitude. Hence, if this additional magnetic field were caused by an electric field 
driving a west-east current such an average would give some indication as to the extent of 
the average E-field since one would not expect the ionospheric conductivities to change 
drastically over the range of stations involved. It is seen from Fig. 2(a) that the northward 
magnetic field (or alternatively the inferred E-field) falls to zero about 110" to the east of 
Hartland and there is some indication that the direction might then reverse. No information 
is available as to what happens to the west of Hartland since for such observations the AQD 
event and the normal S4 (H) minimum would tend to occur in the same time range making it 
impossible to separate the two effects. However, in order to investigate this further, measure- 
ments of this effect have been made on AQDs that were determined from the Sverdlovsk 
data rather than the Hartland data. Since the reduction in the normal S4(H) amplitude 
appears to be the most important parameter in determining whether a day is an AQD it was 
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hoped that when an AQD occurred at Sverdlovsk this might indicate that the northward 
field was a maximum near that station. Again, only AQDs were considered where the mini- 
mum in H occurred between 1330 and 2230UT and the result for the average of six such 
AQDs is shown in Fig. 2(b). It is seen that there is some indication that a maximum in the 
northward field occurs near the longitude of Sverdlovsk indicating the northward field is 
probably only present over a limited longitude range. 

5 Latitude variations associated with AQDs 

It has been shown previously (Butcher & Brown 1980) that the amplitude of the AQD 
event is approximately constant over the geographic latitude range 14"--60" N. On the argu- 
ments presented in Section 3 it would be expected that the event amplitude would decrease 
with decreasing latitude. However, since the longitude of the outgoing field-aligned current 
is far removed from the 0" longitude meridian such a decrease might be expected to be 
small. The latitude variation of the magnitude of the northward field has not been discussed 
previously although it may be seen from figs 2-5 of Butcher & Brown (1980) that it does 
vary with latitude and the variation is different on A-days than T-days and is also different 
in summer than winter. Not enough data were available of the longitude variation to allow a 
separation on a seasonal basis or on IMF polarity, but that restriction is not present for the 
latitude variation and in Fig. 4 is shown the magnitude of the northward field as a function 
of latitude separated by seasons and IMF polarity. Of the 80 quiet days in the two-year 
period considered, 32 were found to be AQDs, 15 occurred in the May-August period of 
which nine were A-days and six T-days and 17 occurred in the November-February period 
of which 10 were A-days and seven T-days. For the NQDs 25 occurred in the May- -August 
period of which 16 were A-days and nine were T-days and 23 occurred in the November- - 
February period of which 13 were A-days and 10 were T-days. Since each point in Fig. 4 is 
determined from the difference between the average AQD and NQD amplitude the statistical 
significance of this difference has been determined using the Student t-test and the per- 
centage level at which it is significant is shown alongside each point in Fig. 4. Points whose 
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Figure 4. Average variation of the superposed northward field (1963-64) with geomagnetic latitude. 
Top: A-days; left summer, right winter. Bottom: T-days; left summer, right winter. The numbers along- 
side each point indicate the level of significance of the point determined using the Student t-test. Points 
with no number alongside them are not significant below the 30 per cent level. 
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108 E. C. Butcher 

significance is below the 30 per cent level are considered not to be significant and no level 
has been included in Fig. 4 for these points. It is seen that there is a variation with latitude 
which may be considered to be significant in all cases, the magnitude reaching a maximum in 
mid-latitudes that is more equatorward in winter than in summer. The magnitude is greater 
on A-days than T-days, is more regular on A-days and on both A- and T-days there is an 
equatorward shift of about 20" in the geomagnetic latitude of the maximum magnitude 
from summer to  winter. 

6 Discussion 

From the results presented previously (Butcher & Brown 1980) and here, there seems little 
doubt that the AQD event is associated with a magnetospheric substorm which manifests 
itself in mid-latitudes as a small amplitude negative bay. This bay then forms the minimum 
in H at stations on the poleward side of the Sq ( H )  focus if there is a sufficient reduction in 
the normal Sq(H)  amplitude. This reduction is accomplished by the presence of a super- 
posed northward field which is present over a limited range of latitudes and longitudes and, 
over the latitude range 14"-60°N (geographic) is larger on A-days than on T-days. Its 
magnitude peaks in mid-latitudes and moves equatorward some 20' from summer to winter. 

In order to attempt to  explain the source of the superposed northward field let us fust 
consider the effect of the IMF. The IMF is carried by the solar wind with a velocity coin- 
ponent V, and induces a dynamo electric field component E, =f VxB,k where the t or - 
sign corresponds to A- or T-days respectively indicating a north to south (t) or south to 
north (-) field. If the Earth were surrounded by a vacuum the electrostatic field E,= 
-VA B = - E I  would appear across the Earth. However, since the solar wind flows around 
the magnetosphere then E, should be excluded from the near Earth environment. However, 
there is some evidence that E, does penetrate down to ionospheric levels, particularly in the 
polar cap regions (i.e. Jorgensen, Friis-Christensen & Wilhjelm 1972) where high latitude 
magnetograms may be used to infer IMF polarity (Svalgaard 1972). Let us assume here then 
that some effect of E, reaches the mid-latitude E-region. Since in the northern hemisphere 
the geomagnetic field, BG , is towards the Earth ( ( B G ) ~  negative), E, would cause an east- 
west current in the ionosphere on A-days and hence an additional southward magnetic field. 
However, on T-days, E, will be north-south and would cause an additional northward 
magnetic field, i.e. opposite to  that in A-days. The observations indicate that the superposed 
field is northward on both A- and T-days, but larger on A-days. Therefore if we assume that 
on AQDs a west-east current flows at all latitudes in the northern hemisphere (which is 
responsible for most of the superposed northward field) then the Hall currents driven by E, 
would either add (T-days) or subtract (A-days) from this current. This is the opposite of the 
effect observed. Thus we see that the difference in the amplitude of S4(H)  on AQDs for 
A-days and T-days is not due to the effect of the interplanetary electrostatic field, E,, pene- 
trating directly into the mid-latitudes E-region. However, some parameter related to the 
IMF does affect the amplitude and it is interesting to note that the dynamo electric field, 
EI, is of the correct polarity to explain the observations but it is difficult to see a physical 
mechanism involving EI directly. 

If we assume that the contribution to  the superposed northward field due to the IMF 
(whatever the mechanism), is equal and opposite on A- and T-days, then the effect of the 
component of the superposed field that is independent of the IMF may be determined as 
the mean of the A- and T-day amplitudes. In Fig. 5(b) is shown the variation of this com- 
ponent with geomagnetic latitude determined using the smoothed latitude variations of 
S4 (H) amplitude observed on NQDs and AQDs for both A- and T-days for the years 1963- 
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Figure 5.  (a) Average amplitude of Sq (If) (1963-64) as a function of geomagnetic latitude, for 
NQDs and AQDs. (A) NQD A-days, (+) NQD T-days, (0 )  AQD A-days, ( X )  AQD T-days. Left summer, 
right winter; (b) Variation with geomagnetic latitude of the magnetic effect of the inferred west-east 
current. Left summer, right winter; (c) Inferred magnetic effect on S9 (H) on AQDs due to the IMF. Left 
summer, right winter. The smooth curve is a plot of sinp, where p ( $ + I +  (6 + p )  is the angle between 
( E T ) ~  and BG and represents the theoretical contribution of the Hall currents along the 0' meridian at 
1200 UT. 

1964 and shown in Fig. 5(a). It has been assumed that the amplitude on NQDs at any 
station is the same on both A-days and T-days, an assumption which is clearly justified for 
the summer data but may be less justified for the winter data. From Fig. 5(b) it may be seen 
that its magnitude is larger in winter than in summer and the latitude where the magnitude is 
largest moves equatorward by about 20" geomagnetic (from 55" to 35') from summer to 
winter and tends towards zero near 20' and 70" geomagnetic latitude. The magnetic effect 
of the component due to the IMF (assuming it is equal and opposite on A- and T-days) is 
shown in Fig. 5(c). These results then, taken with the results of previous work (Butcher & 
Brown), indicate that a west-east current, of unknown source, flows in the ionosphere on 
AQDs but not on NQDs. The magnetic effect of such a current is latitude dependent, its 
maximum effect being 10-15nT. However, alternatively it may be that an east-west 
current flows on NQDs at all latitudes that is not present on AQDs thus affecting the change 
in the amplitude of S q ( H )  and AQDs. At present we are unable to tell which mechanism 
operates since the origin of this source of current is unknown. Also it would appear that the 
results support the hypothesis that at least on AQDs the IMF may have an effect on the mid- 
latitude S4 ( H )  which is also latitude-dependent and has a maximum amplitude of about 
5 nT. 

Although the effect of the IMF on the Sq ( H )  amplitude on AQDs does not appear to be 
caused by E, penetrating down to the mid-latitude E-region, the most likely cause is still 
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110 E. C Butcher 

likely to be some unknown electric field related to the IMF. Let us assume here that such a 
field exists and is directed north-south on A-days and south-north on T-days as required 
to explain the observations. Denoting such a field E, it will drive a Hall current proportional 
to E, A BG whose magnitude will depend on the angle p that E, makes with the geomagnetic 
field, BG . p is therefore latitude dependent and is given by 

/J=[$+I*@+P)l 
where the + or - sign applies for winter or summer respectively. ~5 is the magnetic latitude, 
I is the magnetic dip angle, 6 is the solar declination angle, and /3 is the angle between the 
projections of the geomagnetic north-south axis on to the x-z plane (x being directed along 
the Sun-Earth line and z being perpendicular to the plane of the eliptic) and the geo- 
magnetic north-south axis which varies with time of day and longitude and may be given by 

where t is the local time in hours, h is the geographical longitude, and it has been assumed 
that in the northern hemisphere the geomagnetic north pole is located at 69" west longitude. 
The variation of sinp with I has been plotted in Fig. 5(c) assuming PO= 11.3", t = 1200 hr and 
h = 0". It is seen that sinp shows some characteristics of the observations (e.g. maxima occur 
at 49.6" in summer and 26.5" in winter) but deviations would be expected since no account 
has been taken of the variation of BG or the ionospheric electrical conductivity with 
latitude, both of which would affect the magnitude of the magnetic effect at each location. 

A further consequence of the presence of E, is that since in the southern hemisphere BG 
is away from the Earth, the Hall currents driven by E, would be east-west hence giving a 
superposed southward field component on AQDs for A-days and a northward component 
field for T-days. For a station on the poleward side of the focus we would therefore expect 
the S 4 Q  field to be reduced more on T-days than A-days and hence more AQDs would 
be expected to be T-days than A-days whereas in the northern hemisphere the reverse is 
found to be true (Butcher & Brown 1980). For comparison, for the years 1963-64-65, at 

0 So cos(l5t - 69 + A) 

20 r 

Figure 6. (a) Average variation of H at Hermanus for NQDS (X) and AQD (0 )  for the months of 1963-64 
May, June, July and August. The AQDs were determined from the Hartland data; (b) Average variation of 
H at Hermanus for the AQD variation shown in (a) separated according to IMF polarity ( 0 )  A-days, (X) 
T-days. 
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Hartland 62 per cent of AQDs occurred on A-days whereas at Hermanus (34" 25' S 19" 14' E 
geographical, and 33" 42' 81" 42' geomagnetic) only 46 per cent of the AQDs occurred on 
A-days lending support to the above hypothesis. (The time of occurrence of the normal 
minimum in Sq(W was significantly later at Hermanus than Hartland and so for this 
analysis the NQD period was extended from 0830-1430 Lt for Hermanus.) In general, days 
that were AQDs at Hartland were not AQDs at Hermanus (unless the AQD event was large at 
both stations) and the reduction in the amplitude of Sq(_Fi) that occurred at Hartland on 
AQDs did not occur, on the same days, at Hermanus. This may be seen from Fig. 6 where 
we have plotted for Hermanus the average variations of those days defined from the Hart- 
land data as AQDs or NQDs, for the months of 1963-64 May, June, July, August. Also 
shown is the variation for the AQD group when separated according to IMF polarity. It is 
seen that the physical mechanism that causes the reduction in the normal Sq (If) amplitude 
on AQDs at Hartland does not appear t o  be operative on those days at Hermanus, although 
it is possible that the effects are minimal at the latitude of Hermanus but this cannot be 
concluded from the data. However, there is a suggestion that, at least, for part of theday(i.e. 
between 0600 and 1300) the northward component of H is greater on T-days than A-days as 
required. But the form of the variations is not as expected on the above arguments and 
obviously more analysis of southern hemisphere stations is required. 

Although an explanation of how AQDs arise has been attempted, no reason can be found 
as to why the mechanisms only operate on certain days and not, apparently, all the time. 
However, if one accepts the principles of the proposals put forward here it is most likely that 
the mechanisms operate on a continuous basis but for some reason have a larger effect on 
some days than others. 
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