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Abstract. The systematic study of ionospheric storms hasysis of average storm-time perturbations (percent deviations
been conducted primarily with groundbased data from thefrom the monthly means) showed a remarkable agreement
Northern Hemisphere. Significant progress has been made iat both sites under a variety of conditions. Yet, small dif-
defining typical morphology patterns at all latitudes; mech-ferences do appear, and in systematic ways. We attempt to
anisms have been identified and tested via modeling. Atelate these to stresses imposed over a few days of a storm
higher mid-latitudes (sites that are typically sub-auroral dur-that mimic longer term morphology patterns occurring over
ing non-storm conditions), the processes that change sigseasonal and solar cycle time spans. Storm effects versus
nificantly during storms can be of comparable magnitudesseason point to possible mechanisms having hemispheric dif-
but with different time constants. These include ionosphericferences (as opposed to simply seasonal differences) in how
plasma dynamics from the penetration of magnetospherisolar wind energy is transmitted through the magnetosphere
electric fields, enhancements to thermospheric winds due tinto the thermosphere-ionosphere system. Storm effects ver-
auroral and Joule heating inputs, disturbance dynamo elecsus the strength of a geomagnetic storm may, similarly, be re-
trodynamics driven by such winds, and thermospheric com-ated to patterns seen during years of maximum versus mini-
position changes due to the changed circulation patterns. Theaum solar activity.

~12° tilt of the geomagnetic field axis causes significant
longitude effects in all of these processes in the Norther
Hemisphere. A complementary series of longitude effect
would be expected to occur in the Southern Hemisphere:
In this paper we begin a series of studies to investigate the
longitudinal-hemispheric similarities and differences in the { |ntroduction
response of the ionosphere’s peak electron density to geo-

magnetic storms. The response of the ionosphere to increases in geomagnetic
The ionosonde stations at Wallops Island (VA) and Ho- activity has been a central topic of study since the earliest
bart (Tasmania) have comparable geographic and geomagtays of solar-terrestrial space science. Many important re-
netic latitudes for sub-auroral locations, are situated at lonviews of this field have been written (e.g., Obayashi, 1964;
gitudes close to that of the dipole tilt, and thus serve asMatuura, 1972; Rilss, 1995), with a recent comparison and
our candidate station-pair choice for studies of ionosphericassessment of them in Mendillo (2006). From a broad per-
storms at geophysically-comparable locations. They havespective, the morphology patterns of ionospheric storms at
an excellent record of observations of the ionospheric penmiddle and low latitudes are rather well known, and the dom-
etration frequencyf¢F2) spanning several solar cycles, and inant mechanisms responsible for them have been identified
thus are suitable for long-term studies. During solar cycleand modeled. A significant number of case studies have been
#20 (1964-1976), 206 geomagnetic storms occurred that hagublished, many dealing with strong storms that show the
Ap>30 orK,>5 for at least one day of the storm. Our anal- extremes capable of being achieved by specific mechanisms.
An important message to come from all of these past stud-
ies is that there are no new physical mechanisms that ap-
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The same processes that govern the ambient ionosphere, g above processes show an important longitude pattern. In
embodied in the classic electron density continuity equationthe Northern Hemisphere, the dipole tilt results in geographic
(Rishbeth and Garriott, 1969; Schunk and Nagy, 2009) —midlatitudes 45 N) having the highest magnetic latitudes
photo-production, chemical loss, and transport by thermal~57 N) in the~70 W longitude sector. This means that, in
expansion, neutral winds, waves, tides and electric fields othis unique sector for the Northern Hemisphere, solar ion-
internal and external origin — all act during periods of distur- ization (ordered by solar zenith angle and therefore the same
bance. The modified magnitudes, phases and time-constantt a given latitude for all longitudes) produces the most ro-
of those processes blend is different ways during each stormjust F-layer capable of being influenced by magnetospheric
and thus the challenge facing current research is to characteprocesses (ordered by geomagnetic latitude). The opposite
ize such effects correctly and to implement them into currentis true for the ionosphere in the Northern Hemisphere near
models. longitudes of~110 E where 45N geographical corresponds
lonospheric storm effects vary with latitude, and thus op-to ~33 N magnetically. Yet, the same F-layer production at
portunities to study the blending of processes are themselve45 N is more susceptible to neutral wind effects there due
functions of latitude. For example, horizontal convection to the more favorable geometric factor (bios/, where/
dominates in the polar caps, and auroral particle precipitations the geomagnetic inclination angle) for vertical motions. In
and electrodynamics in the auroral zones, while expansionthe Southern Hemisphere, the same “special” longitudes play
and contractions of the equatorial ionization anomaly (EIA) opposite roles, with-70 W as the sector most susceptible to
drive the strongest effects at low latitudes. A sub-auroraleffects driven by disturbance winds and 10 E as the region
site provides a good example of a location where multiplemost influenced by penetration electrodynamics.
mechanisms can have comparable effects and thus the study The longitude-hemisphere effect upon ionospheric storms
of blending and the coupling of processes from higher andsummarized above has been well known for some time. A
lower latitudes might be particularly fruitful at such loca- basic approach to modeling key processes in the two hemi-
tions. spheres appeared in Mendillo et al. (1992). Yet, there has
Defining precisely what constitutes a sub-auroral site isbeen little effort to date to test these concepts using long-term
fraught with difficulties, so here we offer a broad set of at- observations of ionospheric storms in both hemispheres. In
tributes: (1) under quiet conditions, tlie=2—3 domain is al-  this paper, we offer a coherent approach to such an investi-
ways within the plasmasphere during the daytime hours, butation.
might include plasmapause/ionospheric trough locations dur-
ing portions of the night neat=3 (~55°> magnetic latitude).
During storms, (2) a sub-auroral site often remains withinthe2 Two sub-auroral equivalent geophysical ionospheric
plasmasphere during daytime hours, but it is usually pole- locations
ward of the plasmapause after sunset. Thus, dramatic iono-
spheric signatures of dynamical plasmaspheric processes odo conduct a study as outlined above, two appropriate ob-
cur from local noon to dusk, contributing to daytime positive servation sites to use are the ionosonde stations at Wallops
phase ionospheric storms (Lanzerotti et al., 1975), followedisland (Virginia) and Hobart (Tasmania). Their relevant co-
by sharp transitions to being beyond the plasmapause aftesrdinates are given in Table 1. There are several reasons
sunset (Mendillo et al., 1974). The plasmaspheric influencdeading to the choice of this particular pair of stations: (1) we
continues after sunset when flux tubes are held in convectivavant to conduct a study that will eventually span several solar
“stagnation” while chemical loss proceeds for many hourscycles and thus ionosonde data are the only realistic choices
prior to sunrise. Thus, the onset of the negative phase is dufor such long-term analyses; (2) archives of total electron
both to dynamics and chemistry. Consistent with this behav-content (TEC) are also available from these longitude sec-
ior is the pronounced intrusion of trough/plasmapause/ringtors, as demonstrated in the work of Essex et al. (1981),
current effects that lead to the appearance of stable aurdsut they are limited to years spanning solar cycle #20, and
ral red (SAR) arcs (Foster et al., 1994; Baumgardner et al.therefore do not meet our long-term objectives; (3) GPS data
2008). Condition (3) deals with storm-time auroral heat- would have the advantage of coverage over extensive regions
ing of the thermosphere by precipitating particles and cur-in both hemispheres, but these have two drawbacks, namely,
rents (Joule heating), processes that generally occurs poldimitation to a single solar cycle (#23) and poor long-term
ward of L~2.5 (except during the most severe storms). Twocalibration reliability. Central to our analysis methods, to
effects at sub-auroral latitudes result from auroral heatingoe described below, is the formation of average patterns of
— increases in equatorward meridional winds that can condisturbance variations (in percent from a control curve), and
tribute to positive-phase ionospheric storms, and composithus the inherent uncertainty is absolute values for GPS TEC
tion changes (specifically, decreases in the £rétio) due  (typically ~4—6 TEC units) is the issue of concern. While
to disturbed circulation patterns that lead to the long durationcase studies of TEC storm effects are obviously prominent
negative phase of ionospheric stormsy{Bs, 1995). Finally, in the current literature (e.g., Foster and Rideout, 2005),
(4) due to the~12" tilt of the geomagnetic field axis, all of they focus only on positive phase effects re-named “storm
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Table 1. Coordinates for the lonosonde Stations at Wallops Island (VA), Hobart (Tasmania), Washington (D.C.) and Christchurch (NZ). To
account for secular changes in the geomagnetic field, the magnetic latitudes are the averages of years 1964 and 1976, calculated using tt
Definite/International Geomagnetic Reference Field (DGRF/IGRF) model. See wettsitlomniweb.gsfc.nasa.gov/vitmo/cgm.html

Hobart (Tasmania) Wallops Island (VA)  Christchurch (New Zealand)  Washifigton

Geographic Latitude 42°%B 37.8N 46.3 S 38.7N
Geographic Longitude 147PE 75.5 W 172.8 E 71.°N
Geomagnetic Latitude —54.08 50.47 —50.27 51.38

@ Jonosonde data at Washington was discontinued in 1968, and a new series of observations was started at Wallops Island. For this study o
the period 1964-1976, most of the data come from Wallops Island, and thus we use that station name for the combined data set.
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Fig. 1. Characteristics of solar cycle #20 as portrayeddjthe solar index F10.7 anth) the geomagnetic indext,. Panel(c) gives the
number of storms satisfying the criteria for this study (see text), totaling 206 events. In each panel, coding is used to identify four portions
of the solar cycle: Minimum, Rising, Maximum and Falling.

enhanced densities” (SEDs), morphology patterns that do notalues can be smaller than 4—-6 TEC units in the sub-auroral
depend on precise knowledge of absolute values. This is nalomain; (4) finally, a significant number of past studies have
the case for negative storm TEC patterns when absolute cabeen conducted at sub-auroral locations along~7@ W
ibration uncertainties have a profound effect upon percentmeridian (Matsushita, 1959; Mendillo et al., 1972; Mendillo
changes, and particularly so at night when ionospheric trougtand Klobuchar, 2006) and thus validation with previous work
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Fig. 2. Examples of ionospheric storms at Wallops Island and Hobart. The top panel illustrates an SC time that occurred during the daytime
at Wallops Island and at nighttime at Hobart. The lower panel shows an example of the reverse case. Shadings give the pattern of the monthly
mean with one standard deviatiohd) about that mean.

can be done. For all of these reasoNg¥2 values formed al., 1972). We selected geomagnetic storms that had either
from observedoF2 data constitute the parameter of choice.a sudden storm commencement (SSC) or a gradual storm
We note, however, that ionosonde data can suffer degradazommencement (GSC), collectively called the storm com-
tions due to the very storm effects we hope to study. Withmencement (SC) time, rounded to the hour in Universal Time
many storm periods available, however, we anticipate tha{UT). For a storm to be included in our list of events, the
“lost data” at various points during individual storms will daily geomagnetic index, had to be>30 or K,>5 on
not have a collective statistical influence upon results. Wethe day of the SC or on the following day. There were 206
will deal with this point in the results to be shown in later storms that met these requirements. The full set of storms
sections. and the indices associated with them are given at our web-
Finally, Table 1 shows that the latitudes for Wallops Island site: www.buimaging.com/stormstudiogether with graphi-
and Hobart actually differ by-5 degrees geographically and cal results for all of the analyses conducted, only a portion of
by ~3.5 degrees geomagnetically. Thus, solar productionwhich are included in this paper.
differences (ordered by solar zenith angle) and influences of Figure 1 summarizes solar cycle #20 using F10.7 4pd
auroral processes (ordered by L-shells) might have subtle imand the number of storms per month meeting the criteria
pacts up our results, and these are discussed in Sect. 5.  used. Panel (a) shows that this solar cycle had a rather
weak maximum (F10#160 units, in comparison te-250
units and 200 units for solar cycles #19 and #21, respec-
3 Procedure tively). The solar minimum periods (F10+70 units) are
typical for the baseline years before and after solar max-
3.1 Event selection criteria and case studies during @ imum in all solar cycles. The years of declining activity
single solar cycle are the most “geo-effective” as shown in panels (b) and (c).
These trends should all be kept in mind when results for iono-

Solar cycle #20 (officially spanning the period October 1964 spheric storms during different phases of the solar cycle are
to June 1976) was chosen to define analysis methods becaupgrtrayed in Sect. 4.4.

of the validation possibility with previous studies at Wal-
lops Island during a portion of that solar cycle (Mendillo et
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Table 2. Distribution of Storms by Season, Phase of the Solar Cycle, and Local Times of Storm Commencement (SC) for Wallops Island
and Hobart.

Wallops Island (VA) Hobart (Tasmania)
June Solstice Summer 75 Winter
(May, Jun, Jul, Aug)
December Solstice Winter 58 Summer
(Nov, Dec, Jan, Feb)
Equinox Equinox 73 Equinox
(Mar, Apr, Sep, Oct)
Solar Minimum 51
Solar Rising 28
Solar Maximum 43
Solar Falling 84
Daytime SC events 120 107
Nighttime SC events 86 99
Summer (Day SC) 46 30
Summer (Night SC) 29 28
Winter (Day SC) 32 44
Winter (Night SC) 26 31
Equinox (Day SC) 42 33
Equinox (Night SC) 31 40
Solar Max (Day SC) 24 23
Solar Max (Night SC) 19 20
Solar Min (Day SC) 28 30
Solar Min (Day SC) 23 21
Solar Rising (Day SC) 13 15
Solar Rising (Night SC) 15 13
Solar Falling (Day SC) 55 39
Solar Falling (Night SC) 29 45

Table 2 gives the number of storms sorted by 4-month Figure 2 gives examples of two ionospheric storms ob-
seasons (June solstice = May—August, December solstice served at Wallops Island and Hobart. In each case, the shaded
November—February, Equinoxes = March, April, September,patterns give th&lm~2 monthly meanto and the solid lines
October), by phases of the solar cycle, and by the storm comgive the hourly values dfimF2 for each storm period. These
mencement (SC) times according to local time for each staexamples show that very similar storm effects can occur at
tion, season and phase of the solar cycle. both sites. For the 14 April 1971 event (top panels), a day-

For ionospheric data, we used hourly values in UT of time SC at Wallops Island is followed by a classic dusk effect
foF2 from Wallops Island and Hobart, taken from the Spacewith a severe termination and a negative phase on the follow-
Physics Interactive Data Resource (SPIDR) at weligife ing day. At Hobart, the SC is post-sunset and the follow-
/Ispidr.ngdc.noaa.gov/spidr/index.jsp Observations for a ing day shows only a pronounced negative phase ionospheric
seven day period were selected for each storm event, one dagtorm. In the lower panels, the 25 March 1976 event shows a
prior to the SC day, the day of SC and five days after it. If daytime SC at Hobart leading to a dusk effect on the SC day
a second storm occurred during those five days, then a ne&nd a negative phase the following day, while at Wallops Is-
storm period was defined and the earlier storm simply did notand the post-sunset SC is followed by a negative-phase-only
have late coverage for those hours, nor did the second stori@nospheric storm. These somewhat “mirror image” patterns
have pre-SC coverage. for day vs. night SC times during equinox storms add con-

The choice of a control curve from which to compute per- fidence to the notion that geophysically-equivalent sites can
cent departures has always been somewhat of an issue in stbe identified in both hemispheres. The question of statistical
tistical studies of storm effects. The monthly mean of the consistency for many storms showing similar effects is now
diurnal pattern oNmF2 is most often used, and that is our examined.
choice as well. It has the advantage that the standard devi-
ation () about the monthly mean is often used to describe
ionospheric variability, and thus storm effects computed in
this way can be seen to have a contribution to that value.

www.ann-geophys.net/27/1679/2009/ Ann. Geophys., 27, 185542009
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Fig. 3. Average storm-time patterns fa&xNmF2 (z, %) at Wal- Fig. 4. Average storm-time patterns fatNmF2(z, %) at Hobart.

lops Island. The shading gives the error of the mean (see text) aThe shading gives the error of the mean (see text) at each storm-
each storm-time hour. The lower panel gives the number of stormgime hour. The lower panel gives the number of storms (from the
(from the total of 206 possible) used to form the pattern given. Tototal of 206 possible) used to form the pattern given. To illustrate the
illustrate the difference between the standard deviatiorad the  difference between the standard deviation 4nd the error of the
error of the meand,), 0=+35.94% at the peak of the positive mean &), o =142.53% at the peak of the positive phasegh),
phase £=6 h), ando =433.98% at the peak of the negative phase ando=+31.69% at the peak of the negative phase2p h). At
(z=27 h). At these timesr);=+2.82% andt2.68%, respectively.  these timesy, =+3.29% andt2.48%, respectively.

3.2 Formation of statistical patterns mean Thus, while describes the breadth of values that form

the mean), describes the rigor of the same mean value
being obtained from independent sets of such data (Taylor,
(1997). The lower panels show the number of storms used
to compute those patterns. The fact that the total number

Dy (x, ANMF2 in %), where the hourly values of percent of storms decreases for late storm-times simply results from
deviation are computed from their corresponding monthly €s simply -
the occurrence of subsequent storms, i.e., it does not indicate

means. Thus, percent-change time sequences are simply av- s
P 0 9 % . Pty a problem of lost data for several days within the recovery
eraged to forme Dy, (t, %)>; , wherer is at hourly intervals

from the UT of the SC, andrepresents sample size, e.g., the Etr;)?;es?rf] ;nailyal\?:rzld:izl ;g%rl:?i;)hsu':];xg:ﬁg;gnebgeogts
number of storms in winter months, or the number of storms 9 P ’

during solar minimum years, etc. This type of analysis was? V€Y reliable sample size. Over. this 11-year period, data
firstintroduced for the study of geomagnetic storms, and thenoqtages (vyhether due t_o a storm itself, or some local oper-
popularized for use with ionospheric storms by Mats:ushitaatIonal or mstrumental_ |_ssues) at Wallops Islanc_j or Hopart
(1959) with ionosonde data, and later for TEC data by Hib-2¢ a.bOUt the same, gving confidence that no hidden biases
berd and Ross (1967) and Mendillo (1971). remain from those possible effects.

The results from Figs. 3 and 4 are over-plotted in Fig. 5

(with the uncertainty level shadings suppressed to facilitate

For this pilot study of dual hemisphere storm effects, the
most direct way to compare characteristic responses at twi
sites is to track the disturbances according to storm tire (

4 Results comparisons). These two curves offer a robust statistical por-
trayal of the concept of geophysically-equivalent sites, re-
4.1 All storms inforcing the suggestions of such equivalence from the two

case studies illustrated in Fig. 2. Thus, for the sub-auroral F-
Figures 3 and 4 give the average storm time patterns for allayer (~midlatitudes), ionospheric storms have a short pos-
storms at Wallops Island and Hobart. The top panels showtive phase, a longer negative phase, and a return to pre-
by shading the errors of the meany) for each hour, where storm conditions many days after the storm commencement
ou=cl(n)Y/?, with o = the standard deviation about the (as first described statistically by Matsushita, 1959). While
mean and n is the number of data points used to form thendividual storms would be expected to show characteristic
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differences due to well known effects (e.g., season being thes :;8;

dominant one for hemispheric comparisons), there is a coher-% -30F =
ence of response in Fig. 5 that attests to the stability of geo-~ R . o " — o o
physical systems under stress from external forcings. As with Hours from Storm Commencement

human behavior, each and every case is different, but stereo-

typical patterns emerge that provide meaningful informationFig- 6. Average storm-time patterns for Wallops Island and Hobart

because so many cases conform to a pattern. Yet, there a§@rted by season. See Table 2 (or text) for the number of events in

small differences: the average positive phase at Wallops sS2Ch Séason.

land is almost twice that at Hobart, and the negative phase is

slightly deeper and longer-lived at Hobart. - ) _
In the following sections, we divide the total sample of itive phase at Hobart during summer storms. The negative

206 storms into statistically reliable subsets to search for dif-Phases are in good agreement, with the depth of the deple-
ferences, strong or subtle, that may be hidden within the re!ions again larger and more persistent at Hobart. For win-
markably small differences shown in Fig. 5. ter storms (thqu panel), both sites have a positive and neg-
ative phase, with the former of longer duration at Wallops
4.2 Seasonal effects and the latter of deeper magnitude at Hobart. The conclusion

we draw from Fig. 6 is that the all-storm patterns in Fig. 5

As shown in Table 2, the 206 storms have an acceptable disa® so consistent because the influence of season is essen-
tribution between equinox, June solstice and December soltially consistent at each site. Specifically, the equinox cases
stice months. Since the 73 storms during equinox period$re clearly similar in all respects, while the summer storms
refer to the same storm in each hemisphere, one might anticare dominated by negative phase effects at both sites. Win-
ipate that storm effects would agree best during those periter storm effects studied in the Northern Hemisphere have
ods. The 75 summer storms observed at Wallops Island ard®ng been known to have prolonged positive phases and of-
of course, the 75 winter storm events at Hobart; similarly, theten minor (or absent) negative phase (Mendillo, 2006). This
58 winter storms at Wallops are the same events that forn@Ppears not to be the case in the Southern Hemisphere where
the 58 summer storms at Hobart. Figure 6 gives the stormthe bottom panel shows two clearly separated phases at Ho-
time patterns for these periods. In the top panel, the equino%’aft-
cases show very strong correlations between the phases atThere are two main results from Fig. 6 that need further
both sites, with the transitions between positive and negativeattention. The first is the slight difference between sum-
phases particularly well ordered in time and magnitude. Themer vs. winter effects at both sites, and the second is the
magnitude of the positive phase at Wallops is about twice thatin-anticipated absence of a positive phase from the statisti-
at Hobart, while the negative phase values are slightly deepetal analysis of 58 storms during summer months at Hobart.
at Hobart. Recall, however, that errors of the mean, as showhe defer the first to the discussion section, and proceed here
in Figs. 3 and 4, would be slightly larger for these smaller with the possibility of this pattern emerging from the distri-
sample sizes. bution of the local times (as recorded at Hobart) of the storm
The middle panel in Fig. 6 gives results for summer commencement (SC) times in UT. Recall from Fig. 2 (top
storms. The major difference is the lack of a statistical pos-right panel) that for an SC after sunset, the F-layer at Hobart

ercent Change
o

www.ann-geophys.net/27/1679/2009/ Ann. Geophys., 27, 185542009



1686 M. Mendillo and C. Narvaez: lonospheric storms at geophysically-equivalent sites — Part 1

40 40
sC07:00-10:59 LT SC19:00-22:59 LT
° I \I/ Wallops Island (46 Storms) | I Wallops Island (40 Storms) |
> Hobart (40 Storms) o Hobart (23 Storms)
c 20 c 20
o o
< £
[S) [S)
< c
T e i 8
3 )
a a
o o
€ —20 E
z z
—40 | | | | ]
-24 0 24 48 72 96 120 -24 0 24 48 72 96 120
Hours from Storm Commencement Hours from Storm Commencement
40 40
S\ 11:00-14:59 LT SC 23:00-02:59 LT
° I \I/ Wallops Island (39 Storms) | I \l/ Wallops Island (30 Storms) |
> Hobart (44 Storms) o Hobart (44 Storms)
c 20 1 c 20 1
o o
< £
[S) [S)
< T
[ [}
I o
(3] [
a a
o~ ~N
[ ('
€ €
-3 3
—40 | | | | ]
-24 0 24 48 72 96 120 -24 0 24 48 72 96 120
Hours from Storm Commencement Hours from Storm Commencement
40 40
SC 15:00-18:59 LT SC 03:00-06:59 LT
° I \I/ Wallops Island (35 Storms) | I Wallops Island (16 Storms) |
> Hobart (23 Storms) o Hobart (32 Storms)
c c 20
o (=}
< £
(&) [s)
< €
B o WA -
(3] [
a a
o o
€ € —-20
3 z
—40 | | | | ]
-24 0 24 48 72 96 120 -24 0 24 48 72 96 120
Hours from Storm Commencement Hours from Storm Commencement

Fig. 7. Average storm-time patterns for Wallops Island and Hobart sorted by the local time (LT) of the storm commencement. The panels on
the left give daytime SCs in 4-h windows; panels on the right give nighttime SC results.

went directly into a negative phase storm. Is this a patterrthese time-line relationships date at least to the pioneering
that is maintained in statistical treatments? Does it accountvork of Rishbeth (1963) foNnF2 and to Mendillo (1973)

for the apparent weak positive phase at Hobart for all stormsand Balan and Rao (1990) for TEC.

(Fig. 5)? Could the 58 summer solstice events have a very

unequal distribution of LTs that led to this effect as well? With 206 storm periods available during solar cycle #20,

it is possible to conduct a comprehensive statistical examina-
tion of such effects at geophysically comparable sites. Balan
4.3 Effects due to local time of the storm commence- and Rao (1990) examined 63 storms from the Wallops Island
ment area only, and for a subset of years (1968-1972) for the same
solar cycle, and thus we are fortunate to be able to validate
The interplay between positive and negative storm effectsour findings with theirs for the Northern Hemisphere. The
at midlatitudes relates directly to the time constants for theresults appear in Fig. 7. The SC times have been divided into
appearance and persistence of three processes: (a) electsx 4-h LT windows, with storm-time patterns derived from
fields of magnetospheric origin, (b) equatorward winds fromonly those subsets of storms at each site. The daytime SC re-
auroral heating, and (c) the Ofldhanges due to auroral heat- sults (left panels) show a very consistent pattern between the
ing. Effects (a) and (b) cause positive phaseblinF2 and  hemispheres, with clear and well defined positive and nega-
TEC, while (c) produces their negative phases. Studies ofive phases following the storms’ onsets. For the storms that
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Fig. 8. Comparison of average storm-time patterns at Wallops Island and Hobart for day versus night SC time¢a)Rari(s) describe
the total sample of storms, pandlty and (d) describe storms during local summer months, and pgeg¢land (f) storms during solar
maximum years.

began during nighttime hours at each location (right panels)that begin in the pre-dawn hours at Wallops Island. The total
the patterns are far less coherent. Nighttime SCs can lead tfor daytime vs nighttime storms at Wallops Island (120 day
either delayed-positive-phase (DPP) storms or no-positivevs. 86 night) is a noticeably larger difference than occurs at
phase (NPP) storms, as described in Mendillo (1973) andHobart (107 day vs. 99 night). The effect is to favor daytime
Lanzerotti et al. (1975). The patterns for nighttime SCs atstorm commencements at Wallops Island, and thus this fact
Hobart give the clear impression that negative phase effectsffers no support to the notion that positive phase storms are
dominate (i.e., NPP storms are more likely), implying that less prominent at Hobart simply because most of the storms
the effects of auroral heating might dominate over persistentiuring solar cycle #20 began there at night. This is illus-
electrodynamics or long-lived equatorward winds in the ther-trated in Fig. 8 where the top panels divide the full data sets
mosphere. into 12-h day versus 12-h night SC times. Panel (a) is thus
the average of all the left hand panels of Fig. 7, and panel (b)
An important point to note from Fig. 7 is that the numbers the average of all the right hand panels. The clear occur-
of storms used to form the left panels (i.e., daytime SCs) argence of positive phase storms at both sites (with Wallops Is-
comparable for each 4-h block and for each site. This is nofand’s stronger than Hobart’s) again appears in panel (a); they
the case for the nighttime storms. There are far fewer stormglso have remarkably similar onsets to the negative phase. In
that begin in the post-sunset hours at Hobart and far fewer
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Fig. 9. Average storm-time patterns for Wallops Island and Hobart sorted by phases within solar cycle #20 as defined in Fig. (&) Panels
and(b) give results for solar minimum and maximum periods, while pa(@land(d) give results for the rising and falling portions of the
solar cycle.

panel (b), the nighttime SCs produce produce patterns thad steeper rise than decline in solar activity. We have divided
are similar for the intiah12 h, but then the Hobart storms this cycle into four phases: Minimum (onset in October 1964
have a more uniformly stronger negative phase. through 1965, plus 1975 through June 1976), Rising (1966

For the subset of summer storms, however, we find a dif-and 1967), Maximum (1968 through 1970) and Declining
ference in comparison to the total sample size results in(1971 through 1974). Geomagnetic activity, as represented
panels (a) and (b). Panel (c) shows extremely similar ef-by the daily indexA ,, does not following this pattern closely,
fects for daytime SC times, for both positive and negativeleading to the discovery that coronal holes are the dominant
phases. Panel (d) shows nighttime SCs to provoke signifcause of geomagnetic activity during the declining phases.
icantly sharper transition to the negative phases at Hobartn panel (c) of Fig. 1, the number of storms meeting the se-
Thus, the statistical lack of a positive phase for summerlection criteria for this study, similarly, does not show a one-
storms at Hobart is related directly to the fact that its night-to-one coherence with F10.7, but (obviously) more so with
time SC storms dominate over a similar number of daytimepanel (b).

SC storms (i.e., producing the no-positive-phase results in - 4 oy amine if the ionosphere responds differently to storm

Fig. 6 (middle panel). The bottom panels in Fig. 8 refer t0 i each of these phases, we show in Fig. 9 the solar cycle
solar cycle phase effects discussed next. effects at each station. For solar minimum storms, panel (a)
shows that the responses at Wallops Island and Hobart are
very consistent in both magnitudes and durations of the pos-

A cornerstone of solar-terrestrial-physics has been the godf've and negative phases. For storm; during solar maximurm
of understanding how the waxing and waning of solar ac-years, panel (b) shows that both stations have nearly identi-

tivity, with an approximate 11-year periodicity, governs the cal negative phases, with both about twice the depth found

response to perturbations upon and within the geospace sy- 1 panel (a) for SOIar minimum stqr_ms. The po;itive pha_sgs,
tem. While the birth of the space age in 1957—1958 coin- owever, are very different. Specifically, there is no positive

cided with one of the largest peaks in solar activity, satellitesphaSe at Hobart, while the classic patterns of a short positive

designed for comprehensive space physics missions did n(Rhase followed by a negative phase occurs at Wallops Island.

have their impact until the following solar cycle (#20, 1964— Given that the statistical absence of a positive phase for
1976), the period chosen for this study. As shown in Fig. 1,summer storms at Hobart resulted from the day versus night
the solar flux parameter F10.7 portrays the typical pattern ofSC local time effect (Fig. 8c, d), we performed the same

4.4 Effects during different phases of the solar cycle
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analysis for solar maximum storms. These results are showr sof Kp Distribution
in panels (e) and (f) of Fig. 8. While there are slightly more i ]
daytime SCs at Hobart (23 day vs. 20 night), a condition ex- e
pected to favor positive phase effects, the pattern obtainecé [
in panel (e) offers only an extremely minor initial positive
phase. We conclude, therefore, that the absence of an ave|§
age positive phase for solar maximum storms in the Southern®
Hemisphere is a statistically robust finding. i
For the rising vs. falling portions of the solar cycle, pan- oL ﬁ
els (c) and (d) in Fig. 9 show that positive and negative phases Kp<3  8sKp<4 4sKp<s 5skp<6 6<Kp<? 7<Kp<8 B=Kp<9  Kp=9
are present at both locations. For solar rising years, the posi- @
tive phase patterns are essentlally the sgme a.t Wallqps Isla Ig. 10. The distribution of storms selected for this study accord-
and Hobart,. while the negative phasg IS aga!n a bit deeF)eilﬁg to the maximum value of th& , index during each of the 206
and longer lived at Hobart. The most interesting results ap~;om events. Three groups are formed with moderate staips (
pear in panel (d) for storms during years of solar cycle de-g) haying 151 events~70%), strong stormsK(,=7) having 35
cline. Well-defined phases appear in both hemispheres, withvents £20%) and very strong Stormf%:S_g) having 20 events
the positive phase at Wallops Island three times larger than at~10%).
Hobart. The negative phase is twice as deep at Hobart, and
has a recovery time at least two days longer than found at
Wallops Island. Possible sources of these distinctive patternbart is always a bit stronger at Hobart than at Wallops Island,

r of Storms

20—

&
T
PRI I S NSRS S R

in Fig. 9 are treated in Sect. 5. except here for the top 10% of storms wik,=8-9. The
fact that average depletions reae’0 to —60% (recalling
4.5 Effects due to storm severity that—100% is impossible) attests to the extraordinary effect

a disturbed thermosphere can impose upon the ionosphere.

In his pioneering study of ionospheric storms, Matsushitayet, the recovery of these “super-storm” negative phases is
(1959) examined how changeshmF2 depended upon the relatively fast, i.e., ar=+48 h their patterns are essentially
strength of a geomagnetic storm. A total of 109 storms wereindistinguishable from less severe storms. Perhaps most cu-
used with 51 havingd ,>50 (called strong storms) and 58 rious, given the attention given to ‘dusk effect’ enhancements
having A, <50 (called weak storms). The responses ob-and SED patterns during cases studies of super-storms, is the
served at ionosonde stations were averaged in zones of coniegligible average positive phases at both locations during
parable latitudes, with both hemispheres combined. Here wehe very strongest storms. The statistical robustness of these
show hemispherically separated responses as yet another wajfects awaits further analyses of storms during other solar
to examine geophysically-equivalent sites. Figure 10 givescycles.
the distribution of the most commonly used geomagnetic in-
dex to characterize storm%’,. As described in Sect. 3.1,
our storm selection criteria eliminated weak storms, i.e.,5 Discussion
those that did not have ,>30 or K,>5 for at least one
day of a storm. Thus, some-8%) of our 206 storms had 5.1 Overview: pre-conditioning by seasonal processes
A,>30 butK,<5, and well as the reverse case. Uskig
to characterize severity, we divide our 206 storm periodsThe sub-auroral ionosphere, and broadly speaking the mid-
into three categories: Moderatk {<6), Strong €,=7), and latitude ionosphere, has a distinctive response to geomag-
Very Strong € ,=8-9). In this way;~10% of our events (20 netic storms. Electrodynamics, thermospheric winds and
storms) are very strongy20% are strong (35 storms), and composition changes are all possible contributors of poten-
~70% are moderate (151 storms). The storm-time patternsially similar magnitudes (Burns et al., 2007). The study
at Wallops Island and Hobart for these three subsets of stormof ionospheric storms at geophysically- equivalent sites, as
magnitude are given in Fig. 11. initiated here, offers the opportunity to assess the blending

The message from Fig. 11 is an assuring one. The mosand phasing of mechanisms and, perhaps, advance our un-
long-lived component of an ionospheric storm, its negativederstanding of the ambient ionosphere as well. This is pos-
phase, increases in depth as the strength of the geomagnesible because ionospheric storms provoke changes in a few
storm increases. Thus, for the 70% of storms classified aslays that mimic changes in the ambient ionosphere that oc-
moderate, the negative phase at Wallops Islandli8%, in-  cur over far greater time spans, e.g., with seasons or phases
creasing to-20% for strong storms, and60% for the very  of the solar cycle.
strong storms. At Hobart, the levels ar€20% for moder- To begin that discussion, a seemingly obvious statement
ate storms;—30% for strong storms, and50% for the very ~ can be made: The absolute magnitude of an ionospheric per-
strong storms. As in other analyses, the negative phase at Haurbation at midlatitudes depends on the amount of plasma
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Fig. 11. The average storm-time patterns fmF2 for moderate, strong and very strong storms as observed at Wallops Island and Hobart.

existing prior to the onset of a disturbance. Thus, large duskplify that effect (e.g., the positive phase of storms is larger in
effects (SED-type disturbances) occur by virtue of there be-winter than in summer, as shown in Fig. 6). In summer, the
ing a very large amount of plasma in the pre-sunset iono+-layer is dominated by thermospheric loss processes (lower
sphere upon which mechanisms act. Large negative phasé&3d/N, ratios) that result in the weakest F-layer of the year, and
result from enhanced loss of robust levels of ambient plasmastorms simply amplify that effect producing relatively weak
thus making daytime depletions impressive, while diminu- positive phases but the most severe negative phases of the
tions of the nighttime trough are hardly noticed (though theiryear (Fig. 6). Thus, in the Northern Hemisphere, there is a
percentage changes can be large). The fact that the undistrong coherence between seasonal effects and storm effects.
turbed thermosphere-ionosphere system exhibits strong sea-

sonal effects at midlatitudes therefore sets the stage for how IS this true also in the Southern Hemisphere? As shown in
the F-layer will respond to perturbations (Duncan, 1969;Fig. 6, the positive phase at Hobart is prominent during win-
Fuller-Rowell et al., 1996). For example, in the Northern ter and equinox storms, but it is absent in summer storms.
Hemisphere, there is the well-known seasonal anomaly fofor the negative phase, the deepest depletions occur during

which daytime values of F-lay&¢mF2 or TEC in winter ex- ~ summer storms and the weakest during winter storms. Thus,
ceed those in summer. Thus, for ambient conditions tha@gain, we have coherence between seasonal effects and storm

favor production over loss due to higher Q/Katios (e.g.,  €ffects. Indeed, recent state-of-the-art simulations for a De-

during winter months), storm-time perturbations simply am- cember storm period had significant asymmetric enhance-
ments between the two hemispheres (Lei et al., 2008). One
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m_ust note, of course, that amblent photochem|cal.condmons? 29[ Wallops 1siand’ 12 SUNMER MONTHS ]
might have nothing to do with seasonal storm differences, s | Fobert 4
i.e., the perturbation mechanisms themselves could be sea.’
. e o

sonally unique (e.g., processes that cause positive storm ef = '°[
fects are just weaker in summer), though we are unaware 01§ . _
any evidence supporting such a hypothesis. S ol 1

0 12 24

5.2 Pre-conditioning by hemispheric processes Local Time
— 20

_ _ _ a ®°[ Wallops Isiond' 12 WINTER MONTHS ]
In our comparisons of storms at equivalent geophysical sites 5 | Hobert -

in both hemispheres, two inconsistent patterns were found,
i.e., for storms in summer months (Fig. 6b) and during solar 2 '°F
maximum years (Fig. 9b). For both conditions, Hobart shows & [
no positive phase while Wallops Island does. Summer storms 2 .
also have a negative phase at Hobart that is noticeably deepe ' " ' "
and longer-lived than found at Wallops Island (Fig. 6b). The Local Time
influence of the local time of the SC was found to be a sig- 20 gigps isiand’
nificant cause of the differences found during summer storms , | Hobort

(Fig. 8c, d), but not during solar maximum storms (Fig. 8e, f).
To discuss how these two effects might also be related to pre-&
conditions in the F-layer, we show in Fig. 12 the seasonal av- 5
erages oNmF2 vs. LT for the four summer months and four
winter months at each station, formed from the ionosonde ' 12 ' 24
data taken during the three years of solar maximum shown Local Time

in Fig. 1. Clearly, the summer diurnal patterns are remark-

ably similar in panel (a), a finding that reinforces the Conceptmonths at Wallops Island and Hobart during solar maximum years.

of geop-hyS|caIIy-c.omparab]e sites actually eX'St'ng ("?" thePanel(a) gives the average diurnal pattern formed from the May—
small differences in the latitudes of the two stations in Ta- o gust (Northern Hemisphere summer) months of 1968-1970 at

ble 1 do not seem to cause noticeable latitude effects). Howwallops Island in comparison to the average diurnal pattern from
ever, the winter patterns in panel (b) are not the same. Thahe November—February (Southern Hemisphere summer) months
is, the seasonal anomaly (Winter F-lay&ummer F-layer) of 1968-1970 at Hobart. Pan@) gives the average patterns for
is stronger in the Northern Hemisphere, as their ratios shovihe reversed cases of winter months at Wallops Island and Hobart.
in panel (c). Another way of expressing this fact is the so-Panel(c) gives the ratio of Winter/Summer patterns at each station
called “seasonal asymmetry” NmF2 that has been studied t© characterize the difference in seasonal anomaly magnitudes in
in detail by Rishbeth and Mueller-Wodarg (2006), and in its €ach hemisphere, called the hemispheric asymmetry.
TEC characteristics by Mendillo et al. (2005). Whether av-
eraged over entire hemispheres or in N-S station pairs, the
F-layer of the Earth’s ionosphere is simply more robust inbeen analyzed and only during a single solar cycle. Yet
December than in June, and by about 30%. This asymmetryhe topic is one being addressed by modelers seeking cor-
is far above that possible from solar irradiance changes dueect input for global models of the coupled magnetosphere-
to the Earth’s slightly elliptical orbit (with perigee in Decem- ionosphere-thermosphere system. To date, the focus has
ber). This and several other mechanisms were explored ifeen on the seasonal differences seen in “hemispheric power
Rishbeth and Mueller-Wodarg (2006), with no firm solution input” (e.g., Emery et al., 2008, 2009; Ridley, 2007, and
found. Could the purely hemispheric difference (as opposedeferences therein). The contributions from electrons and
to seasonal difference) in the terrestrial ionosphere under avions are different within a given season and that difference
erage conditions be further enhanced during storms? For exchanges with season. To fully understand the relationships
ample, could electrodynamical processes that cause the typbetween seasonal and hemispheric effects, at least three pro-
cal dusk effect enhancements in the Northern Hemisphere beesses need to be explored: (1) Are the hemispheric power
fundamentally weaker in the Southern Hemisphere? Couldnput magnitudes for a given season different in each hemi-
auroral heating effects that enhance meridional winds andphere? (2) Are the plasma convection velocities (and there-
cause the composition changes responsible for the negativiere Joule heating) different in each hemisphere separate
phase be fundamentally different for equivalent seasons ifrom seasonal effects? (3) Do the spatial domains of au-
each hemisphere? roral input extend slightly more equatorward in one of the
These are topics that go beyond the scope of this pahemisphere, i.e., do the statistical ovals reach lower mag-
per, if only for the reason that a single pair of stations hasnetic latitudes (say, at midnight) near Hobart vs. near Wallops

m
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SUMMER

tio

1.0

Fig. 12. Comparisons of average conditions for summer and winter
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Island? Can studies, such as those conducted by Stenbaetxtremes of the solar cycle (Fig. 9). Should we anticipate
Nielsen and Otto (1997) and Barth et al. (2002), be used tdhat the ionospheric response to modet&jestorms (panel
test these ideas? (4) Separate from auroral input, does the sdda) and very strong, storms (panel 11c) will be similar
lar wind coupling with the geomagnetic field (known to have to effects seen during solar minimum storms (Fig. 9a) ver-
equinoctial maxima) have hemispheric differences as wellsus solar minimum storms (Fig. 9b)? The solar cycle pat-
Gasda and Richmond (1998) have linked longitude effectderns show that SSMAX storms have a deeper negative phase,
with hemispheric variations. Could the unigefield ge-  but a faster recovery than SSMIN storms. Interestingly, the
ometry associated with the70 W American zone meridian severity analysis also showed that the strongest storms had a
(with its South Atlantic Anomaly, SAA) somehow result in deeper negative phase and a faster recovery than the moder-
enhanced IMRB,, coupling to the magnetosphere and/or the ate storms. These results speak to the nature of recovery, to
penetration of magnetospheric electric field to midlatitudes,the time constant for relaxation of a perturbed thermosphere,
with no such effect in the Australian sector where the dipolebut the message lacks clarity. The ionospheric-thermosphere
tilt is the same, but there is no counterpart to the SAA? Thesesystem appears to recover more rapidly from a larger im-
questions ask, in effect, “Do storm-time inputs launched byposed stress than from a smaller one. The possibility of such
the solar wind provoke slightly different responses in eacha system-sensitivity function merits more study via analysis
hemisphere because ambient processes (not seasons) haifalata from other sources and solar cycles, as well as from
different sensitivities to them, and/or that the spatial loca-global modeling efforts.
tions of magnetospheric input are different?”
Returning to the concept that short-lived storm effects5.4 Assessing geophysical equivalency
might help to explain longer-lived morphology patterns in
the ambient ionosphere, one can move beyond simply callin this attempt to test our understanding of ionospheric storm
ing any effect that does not conform to Chapman theory arprocesses as truly global phenomena, we introduced the con-
anomaly. Thus, could the possible hemispheric differences irtept of geophysically-equivalent sites in each hemisphere
magnetospheric coupling described above also be causes ahd produced average storm patterns under a variety of con-
the annual asymmetry that pre-conditions each hemisphergitions. Overall, the coherence of these patterns provided
for non-identical patterns of ionospheric storms? In theira robust confirmation that solar-terrestrial physics includes
comprehensive treatment of the relationship between the se&@ “geo-effectiveness” component that is indeed the same at
sonal anomaly and the hemispheric asymmetry of the Flocations of comparable geographic and geomagnetic coor-
layer, Rishbeth and Mler-Wodarg (2006) offered two sug- dinates. The small departures from these trends pointed to
gestions that bear on the speculations above: refinements in our understanding, under the assumption that
the sites chosen were “identical” within possible limits. Ta-
1. Concerning the different morphologies of the geomag-ple 1 shows that Wallops Island, in fact, is at a lower lati-
netic field: “The asymmetry might be due to some dif- tyde than Hobart by about 4 degrees in both coordinate sys-
ferences between Northern and Southern Hemispheresems. We have argued that pre-conditions are important (and
rather than a difference between the northern and souththerefore solar production) and showed in Fig. 12a that the
ern solstices.” F-layers during summers at each site do not point to any sig-
nificant difference due to the-4 degrees of latitude. We
also argued that proximity to auroral input is important for
such sites because high latitude sources of electrodynamics,
winds and composition changes contribute to both positive
and negative phases. The cleanest example of Hobart hav-
The alternative for pre-conditioning from solar wind and au- "9 @ smaller positive phase but a deeper and longer-lived
roral inputs is coupling from below. The recent study by Qian N€gative phase occurred in our analysis of storms during the
et al. (2009) explored how strong seasonal variations of eddy!€clining phase of the solar cycle (Fig. 9d). Could this be
diffusion in the mesopause region (larger during solsticesdue primarily to Hobart having a higher geomagnetic latitude
than equinoxes) can influence the @/fdtio in the thermo-  than Wallops Island?
sphere, and thus “may contribute to seasonal variations in the 10 examine this possibility, we have analyzed ionospheric
thermosphere, particularly the asymmetry between solstice§torms for the same years of the declining solar cycle us-

2. Concerning thermospheric circulation: “The annual
asymmetry might be due to different patterns of up-
welling and downwelling, and thus of neutral compo-
sition, in the two hemispheres.”

that cannot be explained by other mechanisms.” ing data from the ionosonde at Christchurch, New Zealand, a
station that has a geographic latitude of &and a magnetic
5.3 Comparing extremes of solar activity latitude of 50 S (and thus nearly identical to Wallop Island’s

in Table 1). The results appear in Fig. 13. Here we dis-
The second possible application of linking short-term stormplay the storm-time pattern from Christchurch data obtained
effects to long-term morphology patterns deals with resultsfrom the same set of 84 storms used to obtain the patterns
comparing storm strength (Fig. 11) to those dealing withfor Wallops Island and Hobart in Fig. 9d, also reproduced

Ann. Geophys., 27, 1679694 2009 www.ann-geophys.net/27/1679/2009/



M. Mendillo and C. Narvaez: lonospheric storms at geophysically-equivalent sites — Part 1 1693

30F X E sonal conditions). In addition to understanding these basic
E S Solar Falling Wallops Island 3 . . . .

»oF I Hobart 3 aspects of solar-terrestrial disturbances, such studies might
E point to an improved understanding of differences in the sea-

sonal and hemispheric morphologies of the ambient F-layer
ionosphere.

The results offered here are a first step in an ongoing inves-
tigation of coherence and consistency of storm effects during
many solar cycles. While additional solar cycles are being
addressed using archived observations, additional modeling
studies, such as conducted by Burns et al. (2004) for solar cy-
cle effects, are of crucial importance. This is especially true

NmF2 Percent Change

—405 | | | | | when they begin to explore results from hemispheric differ-
_o4 0 24 48 72 96 120 ences driven by auroral input and convection patterns that
Hours from Storm Commencement are different — not only because the seasons are different —

but perhaps as intrinsic hemispheric effects as well. Such an

Fig. 13. Comparison of average patterns during solar declining 5,541 has been used in specific case studies of storm ef-
phase at Wallops Island, Hobart and Christchurch stations. The'ﬁ‘ects with the TIE-GCM driven by AMIE patterns (Emery et
geomagnetic latitudes are 50°4¥, 54.0% S and 50.27S, respec- y P y

tively. al., 1999), and thus more comprehensive sets of storms, or
statistical results built from many model storm scenarios, is
an approach worth considering.

for comparisons in Fig. 13. Clearly, the positive phases . )
at Christchurch and Hobart have similar magnitudes (with”\cknowledgementsThis work was supported, in part, by the

both much smaller than seen at Wallops Island), reinforcinqwﬁ:g;'g:;g \évrﬁzslSl_t;rirgcgi?nmLY\Sf‘;gﬁﬁ%ﬁ;g';f;ﬁfgs

the result that hemlspherlc difference occur for th? pOSItlveWe acknowledge the archives of ionospheric and geomagnetic data
phase. For the negative phases, the pattern at Christchurch i, mae this type of study possible, and urge that government sup-

not as deep as seen at Hobart, suggestive that auroral hegfst in host countries for the World Data Centers continue in these
ing processes have their expected latitude pattern, but thgmes of fiscal stress.

Christchurch pattern is still not in good agreement with Wal-  Topical Editor M. Pinnock thanks J. Lei and A. Burns for their
lops Island most of the time, and particularly so when assesshelp in evaluating this paper.

ing the duration of the negative phase. Thus, we conclude

that hemispheric differences (ceteris paribus) still occur and

remain topics worthy of further study. References
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