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Abstract. This paper describes the ionospheric response to &ey words. lonosphere (Auroral ionosphere; Mid-latitude
geomagnetic storm beginning on 17 April 2002. We presentionosphere; Equatorial ionosphere) — Magnetosphereic
the measurements of ionospheric parameters in the F-regiophysics (Storm and substorms)

obtained by the network of eight incoherent scatter radars
The main effects of this storm include a deep decrease in the

electron density observed at high and middle latitudes inthe;  |ntroduction

pre-noon sector, and a minor enhancement in the density ob-

served in the daytime sector at middle latitudes. ExtremeThe investigation of the effects of geomagnetic storms on the
plasma heating=1000-3000K) is observed at high lati- Earth’s upper atmosphere is an essential component of the
tudes, subsiding to 200-300K at subauroral latitudes. Thetudy of the impact that solar disturbances exert on space
western hemisphere radar chain observed the prompt penweather. Our current understanding of ionospheric storms
etration of the electric field from auroral to equatorial lati- based on ground-based observations was most recently re-
tudes, as well as the daytime enhancement of plasma driftiewed by Buonsanto (1999). A key goal of various studies
parallel to the magnetic field line, which is related to the discussed in that review has been the assessment of the prop-
enhancement in the equatorward winds. We suggest that iagation of storm effects in latitude and longitude, such as
the first several hours after the storm onset, a negative phas@e penetration of electric fields from high to low latitudes,
above Millstone Hill (pre-noon sector) results from counter- the enhancements in the equatorward neutral winds, and the
acting processes — penetration electric field, meridional winddusk enhancements in electron density at mid-latitudes (e.g.
and electrodynamic heating, with electrodynamic heating befejer and Scherliess, 1998; Hocke and Schlegel, 1996; Fos-
ing the dominant mechanism. At the lower latitude in the pre-ter, 1993). Global circulation models provide an important
noon sector (Arecibo and Jicamarca), the penetration electrigrediction of storm effects (e.g. Fuller-Rowell et al., 1997;
field becomes more important, leading to a negative storm_u et al., 1998), and direct measurements through networks
phase over Arecibo. In contrast, in the afternoon sector abf instrumentation, such as GPS receivers, ionosondes and
mid-latitudes (Kharkov, Irkutsk), effects of penetration elec- incoherent scatter radars, serve to identify the global effects
tric field and meridional wind do not counteract, but add up, (e.g. Pi et al., 1997; Field and Rishbeth, 1997; Buonsanto
leading to a small{15%), positive storm phase over these et al., 1999a,b). Models and observations complement each
locations. As the storm develops, Millstone Hill and Irkutsk other and both are essential to the improved understanding of
mid-latitude radars observe further depletion of electron denstorm phenomena and their effects.

sity due to the changes in the neutral composition. Global coverage of storm effects through observations is
particularly important since the effects are generally a re-
Correspondence td.. P. Goncharenko sult of interactions between thermodynamics and composi-

(Ing@haystack.mit.edu) tion, both of which are global in their extent and are difficult
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Fig. 1. Locations of incoherent scatter radars.

Table 1. Radar information.

Radar Invar. lat. Geod. lat. Geod. lon. L-shell Time of sunrise  Time of sunset
at350km, UT  at 350km, UT

EISCAT Svalbard 74.87 78.1° N 16.CCE ~20 - -
Sondrestrom 73.%7 67.C°N 309.PE ~14 - -
EISCAT Mainland 66.49 69.6° N 19.2E ~6.5 - -
Millstone Hill 53.40° 42.6 N 288.5 E 2.8 08.34 01.19
Irkutsk 45.89 52.9 N 103.PE 2.1 19.67 14.55
Kharkov 45.78 50.0° N 36.2E 2.1 00.78 18.41
Arecibo 32.18 18.3 N 293.2E 1.4 08.83 00.01
Jicamarca 13.90 12.00S 283.TE 1.1 10.00 00.26

to study at a particular location in isolation. There is also given in Table 1. Three radars, the EISCAT Svalbard Radar
close coupling between the plasma and neutral components ESR (78 N, 16° E), the EISCAT mainland radar (70,

of the upper atmosphere at all altitudes which necessitate$9* E) and Sondrestrom (8N, 51° W), are well situated to
observations of both species, if possible. The collection andbserve the high-latitude effects. Three radars, Millstone
analysis of such data has therefore been a primary goal offill (43°N, 71°W), Kharkov (50 N, 36°E) and Irkutsk
the joint activities amongst the incoherent scatter facilities(53° N, 103 E), are located along a mid-latitude longitude
through programs such as CEDAR — Coupling, Energeticsgircle suitable for examining longitudinal effects, although
Dynamics of Atmospheric Regions. Accordingly, coordi- it is noted that their geomagnetic latitudes differ substan-
nated campaigns have been organized by the community ttally, with Millstone Hill being at 53invariant latitude and
activate the necessary instrumentation at the onset of majdkharkov and Irkutsk being at 4thvariant latitude. Finally,
geomagnetic storms, in order to collect the necessary data. Ifour radars, Sondrestrom, Millstone Hill, Arecibo (18,
particular, this paper presents the observations made by th&7° W) and Jicamarca (225, 77 W) are well situated to de-
global network of incoherent scatter radars of a storm eventermine the variation of the storm effects as a function of
that occurred starting on 17 April 2002. To the best of our latitude along the North American longitude 70° W. Ta-
knowledge, this is the first occasion when eight incoherentble 1 also shows the time of local sunrise and sunset at iono-
scatter radars have made simultaneous measurements basggheric altitudes (350 km) for each radar, and it is noted that
on a storm alert condition. ionospheric altitudes at the high-latitude locations during the

_ ) ~ April 2002 campaign are sunlit at all times.
The locations of the incoherent scatter radars that partic-

ipated in the April 2002 campaign are shown in Fig. 1, and The network of incoherent scatter radars were on stand-
the radar coordinates, both geographic and geomagnetic, al®y mode starting in early April in expectation of a potential
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Fig. 2. The IMF By and B, components (as measured by ACE satellite),lheindex, K, index and data coverage of incoherent scatter
radars during April 2002 campaign.

storm event. Careful monitoring of solar conditions through electron density, electron and ion temperature, and plasma
satellites and through information disseminated by the So-drifts in the ionospheric F-region, above 200 km. Section 2.1
lar Environment Center at the National Oceanic and Atmo-describes the prevailing geomagnetic conditions for the April
spheric Agency (NOAA) led to a global alert to be issued 2002 storm events and the data coverage by each of the eight
for the initiation of measurements on 15 April. The trigger radars. This is then followed by a presentation of the iono-
for the alert was the eruption of an M-class solar flare (Ac- spheric observations at high latitudes (Sect. 2.2), at middle
tive Region 9906) at 05:00 UT on 15 April observed by the latitudes, as a function of longitude (Sect. 2.3), and along the
SOHO satellite, with a halo CME reported by other space ob-70° W meridian, as a function of latitude (Sect. 2.4). Sec-
servations. The activation of ground-based measurements dion 3 presents a summary of the conclusions derived from
15 April provided some relatively quiet conditions for com- the study.

parison of the ionosphere before the arrival at Earth of the

storm effects on 17 April. At the time of the storm onset on

17 April, a second flare erupted on the Sun at 08:45 UT, and® Observations

its effects arrived two days later at Earth. A third event, an

X-ray flare, erupted at04:12UTon 21 Aprll The incoherent 2.1 So|ar-geophy5ica| conditions and data coverage

scatter observations continued at all radars through 17 April,

thus covering the effects of the first flare, and some of therigure 2 presents a summary of key parameters represent-
radars operated for an extended period beyond the initial ining the conditions before and during the April 2002 storms.
terval, as will be discussed below. In this paper, we fOCUSThe two top pane|s show t}‘Ey andBZ components of IMF

on the analysis of the incoherent scatter radar data, nameljata as observed by the ACE satellite. On 17 April, the IMF
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Fig. 3. Variations in the electron density (left panel) and electron temperature (right panel) on 15-17 April 2002 at high-latitude locations
EISCAT Svalbard (top), Sondrestrom (middle), and EISCAT mainland (bottom).

B, component turns southward after 06:00 UT, and changed5:00-18:00 UT on 17 April, and remained at disturbed lev-
direction between southward and northward several timesls for the most part through 20 April, with other maxima
throughout the day. The arrival of the magnetic cloud atreaching 7 at 00:00-03:00 UT on 18 April and 7+ at 03:00-
the ACE location is demonstrated as a sharp southward turnd6:00 on 20 April.

ing in the B, component at about 11:00 UT. The geomag-

netic Dy, index reached the first minimum value 6206 nT The coordinated data set from the incoherent scatter radar
at 18:00 UT on 17 April, marking the main phase of the petwork was collected during the prime observing interval
storm. After the initial recoveryD, decreased again 10 centered on 15-17 April 2002, with some radars extending
—126nT at 08:00 UT on 18 April with subsequent minima their observations to 18-20 April. The exact observation
on 19 April and 20 April. Thek, index reached 7+ during  {imes at each radar are shown in the bottom panel of Fig. 2.
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2.2 High latitudes Ti. K, EISCAT Svalbard ISR _

Figures 3 and 4 show key ionospheric parameters measured 70 ' [

in the high-latitude F-region: electron density (Fig. 3, left 600 1 1800

panel), electron temperature (Fig. 3, right panel) and ion

temperature (Fig. 4). Only high elevation angle data were 5 2001 1600

selected for Figs. 3 and 4 to represent ionospheric behaviors 400 1400

above each site, leading to lower temporal resolution of EIS- ‘ IR om0 4]

CAT mainland radar data. Both figures contain data for 3 3%] kv Al ke | BT

days, 15-17 April, with 15-16 April serving as quiet refer- 200 4 I AL

ence days. During the quiet time, electron density changes

from the maximum value 0f1.5x102m=3 in the daytime

to ~0.1...0.3x10?m~2 at local midnight, as can be seen

in the left panel of Fig. 3. Electron temperature (Fig. 3, 200 1

right panel) ranges from 25003500 K in the daytime to

150Q..2000K at night, with smaller day-to-night variations 600 1 1800

observed at the EISCAT Svalbard radar. During the quiet c 500 1600

time, all ionospheric parameters experience large variations-=

in magnitude during the night hours, reflecting the complex- < 400 1400

ity of the high-latitude region and its sensitivity to processes

in the magnetosphere and solar wind. Daytime observations 3001 1200

are typical for these locations and season, with EISCAT Sval- 200

bard and Sondrestrom data reflecting measurements mostly 0 6 1218 0 6 12 18 0 6 12 18 O

within the relatively stable auroral oval, while nighttime data

represent locations poleward of the auroral oval. To facili- Ti. K, EISCAT Mainland ISR

tate comparisons, Figs. 5 and 6 present variations in electron . 16

density and ion temperature at 350 km, averaged at 15-min '

intervals, for the three radars for each day of the campaign. 600 | 1800
Distinctive enhancement ihe occurred on 17 April at £ 500/ 1600

Svalbard between 07:00 and 11:00 UT at 250-600 km, which <

could be caused by the dayside cusp activity. The polar cusp< 400- 1400

regions are usually extended withins°of latitude around 200 | 1200

~T77°(geomagnetic), and solar wind particles can enter the

magnetosphere within several hours around local noon time 200

(Hunsucker and Hargreaves, 2003). At ionospheric heights, 0 6 12 Llﬁ h%urs‘”"’A 1rzl5f?7 20026 12 18 0
it results in the highly structured enhancement of electron ’ P '

density and sharp variations in electron and ion temperatureFig. 4. Variations in the ion temperature on 15-17 April 2002 at

as observed over Svalbard. In contrast, similar ?nhanceme%gh-latitude locations EISCAT Svalbard (top), Sondrestrom (mid-
in electron density observed by the EISCAT mainland radar,d|e) and EISCAT mainland (bottom).

is accompanied not by an increase, but by a sharp drop in
electron temperature (see Fig. 3), and can result from plasma

convection into the radar field-of-view.

After the storm onset at-11:00 UT on 17 April, the by highly-structured, short-lived increases in ionization and
F-region electron density decreases sharply at all high latifémperatures observed closed2:00 UT and 14:00 UT
tude locations. Within less than an hour, the electron den@t Svalbard, and almost simultaneousty1(:45 UT and
sity is depleted by a factor of 2-3 over Svalbard and EIS-14:00 UT) at Sondrestrom.

CAT mainland. At Sondrestrom, which is located in the It is important to note that plasma temperatures derived
pre-noon sector, electron density decreased by a factor drom the radar measurements are very sensitive to the as-
~4—6 compared to the previous day. At the EISCAT radars,sumed ion composition (i.e. Moorcroft and Schlegel, 1988;
electron temperature is increased by 40RP000K at the  Haggstrom and Collis, 1990; Jenkins et al., 1997), and we
higher F-region altitudes, while ion temperature enhancectan expect that the increase in plasma temperatures is under-
by 200 . .500 K, with higher temperatures observed over theestimated in this data, as well as in other radar data in this
EISCAT mainland. Much higher increases in plasma tem-study. Fitting of incoherent scatter spectra for ionospheric
peratures are observed by Sondrestrom, where ion tempeparameters is generally difficult when the ion composition is
ature is enhanced by 10003000K, and very high Joule unknown, and one approach to obtain more accurate plasma
heating rates were recorded (Thayer et al., 2002). Relativelyemperatures from incoherent scatter radar data would be to
smooth variations in plasma parameters are accompaniedse ion composition from a model, as was done by Jenkins
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Fig. 5. Electron density at 350 km measured by Svalbard ISR (top), Sondrestrom ISR (middle), and EISCAT Mainland ISR (bottom). Vertical
lines show local noon for each location.

et al. (1997) and Pavlov et al. (1999). Such corrections needield, large Ti enhancement over Sondrestrom demonstrates
to be performed for more detailed studies. that the electric field was very strong, as we will see later in
Sect. 2.4.2, and produced severe depletion in the F-region.
Large depletions in electron density as a result of a geowever, much smaller ion heating over EISCAT locations

omagnetic storm are very common at high latitudes (i.e.is a primary cause of a moderate (factor~e#) decrease in
PrbISS, 1995, Mikhailov and SChIGQEI, 1998, Liu et al., 2000) electron density over these radars.

Several mechanisms could be responsible for these deple-

tions. The strong electric field plays a crucial role, espe-2.3 Subauroral and middle latitudes

cially at the beginning of the storm. It can quickly transport

plasma from areas of lower density and enhance the contriFigure 7 shows time variations in electron density (left panel)
bution of non-local processes. Besides plasma transport, thand electron temperature (right panel) at three mid-latitude
electric field can further deplete high-latitude ionization due locations: Millstone Hill (top), Irkutsk (middle) and Kharkov
to the large increase in the linear loss coefficient for O+ ions(bottom), while Fig. 8 depicts variations in ion temperature
(Schunk et al., 1975; Blss, 1995). Enhanced Joule heat- at the same locations. Only daytime data are available for
ing can also result in ion outflow and a subsequent decreasthe Kharkov radar. At Irkutsk, an instrumentation problem
in the density, as was shown by Idenden et al. (1997). Fi+esulted in a data gap in plasma temperatures on 17 April,
nally, as the storm develops, a decrease in thiblOratio while plasma density measurements were not affected.

due to composition changes contributes to the further deple- Quiet-time electron density behavior for this period is typ-
tion in ionization (Mikhailov and Schlegel, 1998). Assum- ical for the mid-latitude ionosphere, with the electron den-
ing that the increase in ion temperature indicates the levekity reaching maximum of .5...2x10%2m3, and a sec-

of Joule heating and, therefore, the strength of the electriondary maximum forming in the local evening (see Fig. 7,
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Fig. 6. lon temperature at 350 km measured by Svalbard ISR (top), Sondrestrom ISR (middle), and EISCAT Mainland ISR (bottom).

22:00-24:00 UT on 15 April for Millstone Hill and 11:00- Kharkov (bottom) for all available days during this cam-
13:00 UT on 16 April for Irkutsk). This maximum is formed paign. At Millstone Hill, the effect of the storm is a major
due to diurnal changes in thermospheric circulation, namelydepletion of electron density beginning right after the storm
equatorward turning of the meridional wind in the evening onset on 17 April (i.e. local morning) and observed both in
hours (Kohl and King, 1967; Rishbeth, 1967; Buonsanto andthe daytime and at night. It is generally believed that the ma-
Witasse, 1999). As the equatorward wind moves plasma upjor cause of such depletions (i.e. negative storm effect) is a
wards along the magnetic field line, the recombination ischange in the neutral composition because of the heating of
slower. This effect is often enhanced by increased plasmathe thermosphere. It should be noted that as the heated gas
spheric downward flow due to plasma cooling in the eveningexpands from higher to lower latitudes, the thermospheric
hours. It is interesting to note that due to high electron dentemperature remains enhanced at locations with a depleted
sity related to high solar activity, the electron cooling ratesO/N2 ratio, and this temperature increase leads to higher
are enhanced (e.g. Roble, 1975), leading to the daytime “biterecombination and lower electron density, as discussed by
out” in the electron temperature profile at altitudes around theMikhailov et al. (1995) and Mikhailov and Foster (1997).
F-region maximum (see Fig. 7, right panel, 17:00-19:00 UT Extremely low densities<€0.2x 1012 m~3) were observed on

on 15 April for Millstone Hill and 8:00-11:00 UT on 15— 18 April between~03:00 and 09:00 UT (i.e. local night).

16 April for Kharkov). This effect is most pronounced over They correspond to the electron density trough expanding to
Arecibo, as will be shown in Fig. 10, where the electron den-the Millstone Hill latitude, which is a common occurrence
sity reaches 2x102m=3, but is clearly observed at other for Millstone Hill during geomagnetic storms. The electron
mid-latitude ISRs, and for a short time, appears even at highemperature on the disturbed days increased by.26800 K
latitudes. with respect to the nearest quiet day, 16 April, likely due to

Figure 9 presents variations in electron density at 350 kmthe low electron density which reduces the electron cooling
measured by Millstone Hill (top), Irkutsk (middle), and rate.
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Fig. 7. Variations in the electron density (left panel) and electron temperature (right panel) on 15-17 April 2002 at mid-latitude locations
Millstone Hill (top), Irkutsk (middle), and Kharkov (bottom).

On the storm day 17 April, the electron density over develops and the radar rotates to the nightside, the electron
Irkutsk is generally~15% higher compared to 16 April, and density is depleted by a factor o2 due to changes in neutral
a secondary evening maximum (which happened to be rightomposition. The electron density remains low on 18 April,
after the storm onset) is more pronounced. As higher elecand further depletions in both day and nighttime are observed
tron density is observed throughout the whole day, mostlyat Irkutsk on 19 and 20 April (see Fig. 9).
at altitudes above the F-region maximum, it cannot be un-
ambiguous'y attributed to geomagnetic inﬂuence’ but could Similar to the observations over |rkutSk, the electron den-
result from increased equatorward thermospheric wind (oSity on 17 April over Kharkov is slightly{15%) increased

decreased poleward wind) flow on that day. As the stormcompared to 16 April, which could be part of quiet-time vari-
ations related to changes in the neutral density and plasma
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motion. Soon after the storm onset, the density is increasec
even more at altitudes above the F-peak (Figs. 7 and 9), sug

Ti, K, Millstone Hill ISR

gesting that it results from increased upward motion. As the 7001

storm progresses, an area of depleted density develops be 600+ 1800
low the F-peak, while density above the F-peak is reduced

compared to the time just after the storm onset. In this § 5% 1600
case, the overall changes in density are minor, as they re- £ 4001 1400
sult from counteracting mechanisms, namely upward motion

increasing the electron density and composition disturbances 300 1200
decreasing it. Such locations with minet10%) variations 2004 ) | |

in electron density are often observed at mid-latitudes, and 0 6 12 18 0 6 12 18 0 6 12 18 0
physical mechanisms for these variations are described by

Danilov (2001). o , Ti, K, Irkutsk ISR

Large differences in the mid-latitude F-region response to 200 15 16 17
a geomagnetic storm are hardly surprising given the fact that
the three mid-latitude radars are located at close geographic 600 | r"’ 1800
latitudes, but are at distinctively different geomagnetic lat-
itudes. The Millstone Hill radar, located at 53Magnetic £ 5001 ! ' 1600
latitude, and at the longitude closest to the magnetic pole, < 400+ 1400
shows the overwhelmingly strongest response to the storm,
since one might expect stronger disturbances in neutral com- 3% ' ‘ I e
position and thermospheric circulation at that location. On 200 — —
the other hand, smaller responses at Irkutsk and Kharkov, 0 6 1218 0 6 12 18 0 6 12 18 O
both located at-46°magnetic latitude, show that during this
storm, major disturbances in wind and composition have not Ti, K, Kharkov ISR
reached this latitude, at least for the first several hours of the ;. . 15 | _ 16 .17
storm.

Another major factor affecting the manifestation of storm 600 1 - []1800
effects is the location of the observed region in the local £ 500 "y B TR n MY 1600
time zone during the main phase of the storm. If we fol- = | <
low Szuszczewicz et al. (1998) and define the main phase < 400 1 | - []1400
of the storm as the time period whéwn, <—50nT and de-

i . . . 300 1 ! - il 1200
creasing, the start time for the main phase of the storm will u
be UT=16:00, and the main phase lasts only f&h be- 200

0 6 12 18 0 6 12 18 0 6 12 18 O

fore the recovery begins. This main phase interval corre- UT, hours Apr 15-17, 2002

sponds to LT=18:00-20:00 over Kharkov, LT=23:00-01:00
over Irkutsk and LT:ll_DO_lS:OO over MI_IIstone .HIII’ I.€. Fig. 8. Variations in ion temperature on 15-17 April 2002 at
Kharkov was approaching the sunset period, while Irkutsky;y jatitde locations Millstone Hill (top), Irkutsk (middle), and
was in the nighttime, and Millstone Hill was in the midday narkoy (bottom).

period. From simulations of ionospheric and thermospheric

responses to different storm onset times for the equinox pe-

riod during high solar activity, Fuller-Rowell et al. (1994),

conclude that maximum composition changes can be exthe Earth into the daytime hemisphere. These findings agree
pected at locations closest to the magnetic pole, and whewell with analysis of three magnetic storms by Szuszczewicz
the magnetic pole is on the nightside during the main phaset al. (1998), who pointed out that at middle latitudes nega-
of the storm. On the other hand, regions located on the daytive storm phases always begin in the night-time period. In
side and further away from the magnetic pole should have theontrast, a strong negative phase is observed at Millstone
minimum response to the storm. Observations over KharkoHill during local daytime, illustrating that during geomag-
agree well with such conclusions, showing the smallest ini-netic storms the Millstone Hill location exhibits characteris-
tial response to the storm. Unfortunately, further develop-tics which are closer to high-latitude regions than to mid-
ment of the storm events is not possible to discuss as théatitude regions. In fact, the reduced rate of rise in elec-
Kharkov radar stopped taking data shortly after 16:00 UT.tron density immediately after the storm onset (local morn-
At the Irkutsk location, the initial increase in electron den- ing), and the rapid storm-time increase in ion temperature by
sity quickly diminishes after the beginning of the main phase200...300 K, suggest that the important mechanism respon-
of the storm. A deep negative phase with a decrease isible for initial changes in the electron density is the elec-
electron density by a factor of 2—3 is observed during lo-trodynamic heating due to increased electric fields, similar
cal night and well after the local sunrise, as it corotates withto high latitudes. Additional mechanisms involving changes
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Fig. 9. Electron density measured &850 km by Millstone Hill ISR (top), Irkutsk ISR (middle), and Kharkov ISR (bottom). Vertical lines
show local noon for each location, while arrows indicate sunrise (up) and sunset (down) times at 350 km altitude.

in the neutral composition and meridional wind transport re-density reduction at all F-region altitudes, which suggests
quire some time to penetrate from high to lower latitudes,that a primary responsible mechanism is the decrease in the
and their contributions are stronger as the storm develops. O/N; ratio (PBlss, 1995). A similar large decrease during
It is worth noting that, although the storm occurred on this relatively quiet time was observed at the Kharkov ISR, as
17 April which is chronologically close to equinox condi- Well as atother mid-latitude locations, as indicated in the data
tions, the transition from equinox to solstice thermosphericfrom ionospheric sounders. This phenomenon is the subject
circulation is expected to have been completed, and théf @ separate study (Goncharenko et al., submitted, 3004
Northern Hemisphere has a circulation typical for summeras the magnitude of the decrease by far exceeds the usual
conditions (Rob|e’ 1975) In the summer hemisphere’ thelo—30% quiet-time variations (Forbes et al., 2000; Rishbeth
background thermospheric circulation is directed equatorand Mendillo, 2001). However, it is important to remember
ward throughout the day. It coincides with equatorward- that storm-induced changes in ionospheric parameters occur
directed motion brought about by the geomagnetic distur-in addition to large quiet-time variations observed during this
bance, thus allowing such disturbances to propagate to loweperiod, and the storm-induced changes can often be masked
latitudes and generate depletions ifNQ and, therefore a  ©Or cancelled by these variations.
decrease in the electron density. Such a decrease in the sum-
g]besrerr]\(/aenc;lir))/hl\?lgﬁstcoineﬁﬁ?ggalr fct))rottr?isd:t)cl)r?:.d nohime, as !Goncharenko, L., Salah, J., Crowley, G., Paxton, L., Zhang,
Y., Coster, A., Rideout, W., Huang,C., Zhang, S., Reinisch, B., and
It should also be noted that a large decrease (almost by &aran, V.: Variability in the thermosphere and ionosphere during

factor of 2) in daytime electron density is observed at Mill- minor geomagnetic disturbances and its association with IMF By
stone Hill on 16 April (as compared to 15 April), with a orientation, J. Geophys. Res., 2004JA010683, submitted, 2004.
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Fig. 10. Variations in the electron density (left panel) and electron temperature (right panel) on 15-17 April 2002 at Arecibo.

2.4 Latitudinal variations a typical feature of the Arecibo data observed in 85% of the
nights (Nelson and Cogger, 1971). Itis interpreted as a result
As discussed earlier, the chain of incoherent scatter radarsf upward propagating semidiurnal tidal components (Crary
near the 70W meridian provides a unique opportunity to and Forbes, 1986). A particular feature of the April 2002
characterize the propagation of storm disturbances from thebservations is the unusually long& h) midnight collapse
auroral zone to the equator. In previous sections, we diswith a descent by 165 km, compared with a typical descent
cussed effects in the auroral zone/polar cap boundary as ollby 50-100 km, lasting for 1-3h. Large night-time electron
served by Sondrestrom, and the effects in the subauroral redensity, noted previously by Burnside et al. (1991a) during
gion as observed by Millstone Hill. Here we start with a high solar activity, could result from the poleward motion of
description of data obtained at Arecibo and Jicamarca, andhe equatorial anomaly, which normally lies southward from
then examine the propagation of disturbances in latitude usArecibo.
ing drift data from the radars along the®A¥ meridian. The primary effects of the geomagnetic storm at Arecibo
are rapid variations in the height of the F-layer and in the
2.4.1 Latitudinal variations in ionospheric parameters electron density, as shown in Fig. 11, similar to those ob-
served during the storm of March 1990 (Richards et al.,
Typically, the behavior of ionospheric parameters above1994). Variations in the electron density are anti-correlated
Arecibo shows a marked difference from other mid-latitude with variations in the electron temperature around 350 km.
locations, which results from the unique combination of fea-This phenomenon was previously studied by Zhou and
tures of low geodetic latitude (18.3M) and middle geomag-  Sulzer (1997), who suggested that this is a manifestation of
netic latitude {32.17 N). Some of the most distinctive fea- photoionization dominating the thermal conduction in heat-
tures of the quiet-time ionosphere observed above Arecibang the electrons. It is interesting to note that the increase
during 15-17 April 2002 are shown in Figs. 10 and 11. Thesein the height of the layer is accompanied by a decrease in
include a night-time enhancement MmF2 observed be- the electron density. This is an unusual behavior for the F-
tween 0 and~06:00 UT, with the height of the layer rapidly region, as one would expect slower recombination at higher
descending from-440 km to~275 km, and a rapid decrease altitudes. Such variations also suggest the dominance of
in electron density by a factor of 2—4 during the time of in- plasma transport at Arecibo’s location over both production
crease in layer height between 06:00 and 11:00 UT. The dropnd recombination. The contributions to the plasma transport
in the electron density is accompanied by a large increase igould come from both disturbance neutral winds and mag-
electron temperature at 09:00-11:00 UT, and is especiallynetospheric electric field penetration, and the importance of
pronounced in the morning of 17 April (Fig. 10, right panel). both mechanisms for the ionosphere over Arecibo was dis-
The rapid decrease in the height of the F2-layer is thecussed by Buonsanto et al. (1993). Variations in the eastward
well-known “midnight collapse” of the F-region, which is electric field could push the equatorial anomaly to higher
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or lower latitudes, as happened in cases studied by Buon- =
santo et al. (1999b) and Aponte et al. (2000). Travelling 0.5}
atmospheric disturbances, launched by high-latitude heat-

ing events, could cause fluctuationsiimF2 by raising the 0 3 6 9 12 15 18 21
height of the layer (e.g. Buonsanto et al., 1999a). The ex- UT, hours

act contributions from these mechanisms, as well as from

changes in the atomic oxygen density (i.e. Burnside et al.Fig. 12.lonospheric parameters observed over Jicamarca on 15-17

1991b), require a separate study through modeling of theApril 2002: eastward electric field (top panel), height of the F-layer
storm effects. hnmF2 (middle panel), and electron density at the peak of the F-layer

. . . . . NmF2 (bottom panel).
To discuss the ionospheric reaction to this storm at equa- ( panel)

torial latitudes, we use vertical ion drift data (i.e. eastward

electric field) with 5-min resolution from the Jicamarca inco-

herent scatter radar (Fig. 12, top panel) and electron densit@ctivity (Fejer et al., 1991). The most pronounced response
data with 15-min resolution from the Jicamarca digisonde!0 geomagnetic activity on 17 April 2002, is the increase in

ionospheric behavior is typical for equatorial latitudes, with phe:se of the storm, leading to a reduction in the noon “bite-
a high daytime density and a “bite out” in density near local OUt". After ~21:00-22:00 UTNmF2 returns to the levels ob-
noon, produced by the fountain effect (Adeniyi, 198&)IBs, served before the storm. This is the most common response
1995). The eastward electric field (i.e. vertical ion drift Of the equatorial ionosphere to a geomagnetic storm, as a
for Jicamarca’s dip latitude) is of the order o0.6 mvV/m daytime increase in electron density is reported in 88% of
(~25m/s) in daytime, and is slightly higher and negative the cases (Adeniyi, 1986; Mikhailov et al., 1994).

at night. The prereversal enhancement is found to be well One of the interesting features of the equatorial ionosphere
pronounced at 23:00-24:00 UT, as expected for high solarfs its reaction to the penetration electric field. An abrupt
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northward swing inB, produces a large and sudden drop in  The northward electric field (Fig. 13, right panel) also
the cross polar cap potential and the penetration of a westshows large variations, with the Sondrestrom radar indicat-
ward electric field to the equator (e.g. Sastri et al., 1992).ing a southward perturbation of about 100 mV/m within an
On 17 April 2002, the electric field penetration event was hour of storm onset, peaking at 12:00 to 13:00 UT. Mill-
unusually long with an~1.5-h quasi-periodic signature, as stone Hill observes a 10 mV/m perturbation at that time, with
discussed by Kelley et al. (2003) and shown in Fig. 12 (topa clear difference from the quiet conditions of the previous
panel). The quasi-periodic variations in the eastward elecdays. Reaction to the storm in the northward electric field is
tric field are superimposed on a generally smaller day-timenot as clearly apparent at Arecibo, but oscillations are seen
electric field, which could correspond to contributions from a few hours later than storm onset. The intense increase of
the changes in the neutral wind dynamo as commonly obthe electric fields at Sondrestrom leads to the large frictional
served in the equatorial ionosphere during storm periods (e.cheating in the ion temperatures shown in Figs. 4 and 6 and
Fejer, 1981; Fejer et al., 1991; Fejer and Scherliess, 1995)iscussed previously. Similar responses of the ion tempera-
This results in an overall 50-60 km decreasezinF2 on  tures are seen for Millstone Hill (Fig. 8), while the ion tem-
17 April as compared to the two previous days, with sharpperature at Arecibo is consistent with the absence of large
changes in the height of the F2-layer following variations in electric field perturbations.

the electric field (Fig. 12, middle panel). It contrasts with  Finally, Fig. 14 shows the ion drift parallel to the mag-
the smooth post-sunrise increaséinF2 observed on 15-16 netic field line at an altitude of 300km for the Sondre-
April 2002. The effects of an eastward electric field pushing strom, Millstone Hill and Arecibo radars, and compares the
F-region plasma upwards are especially clear between 15:007 April drifts with those observed on the quieter days on
and 16:00 UT, when the height of the layer increases by ovefl5 and 16 April. The primary feature to be noted from these
100km. The resulting changes in the electron density arebservations is the large enhancement in the ion drifts along
most pronounced after 15:00 UT. The decrease in the upwarthe field lines. The downward drift reaches 150 m/s at Son-
drift results in theNmF2 increase and in diminishing of the drestrom, while the upward drift reaches 60 m/s at Millstone
“bite-out”, while enhancement in the vertical drift brings the Hill and 30 m/s at Arecibo, with all stations revealing large
electron density lower as it moves along the magnetic fieldoscillations after storm onset. The upward plasma drifts are

lines away from the equatorial region. caused by southward neutral winds. The observations in
Fig. 14 suggest that the large equatorward winds are gen-
2.4.2 Plasma drifts and their effects erated as a result of the storm and are coupled with a trav-

eling atmospheric disturbance. Although daytime equator-
Figures 13 and 14 show the plasma drift measurements fromwvard wind surges are relatively rarely observed, they have
the incoherent scatter radars in the North American sectorbeen documented in previous storm observations (e.g. Buon-
Electric fields were derived from the plasma drift vector ob- santo et al., 1989) and models (e.g. Roble et al., 1987; Fuller-
servations and are given in Fig. 13 for the eastward andRowell et al., 1996), and are consistent with the observed
northward components for 15, 16, and 17 April 2002, with uplifting of the F-layer height at the mid-latitude radars, e.g.
the former two days providing a reference for the distur- Irkutsk and Kharkov in Fig. 7, as discussed in Sect. 2.3 of this
bance effects on 17 April. The eastward electric field datapaper. Figure 14 also suggests that surges in the equatorward
from higher latitudes correlates well with the eastward elec-wind cover large latitudinal region and takés0—70 min to
tric field from Jicamarca (Fig. 12), as pointed out by Kelley travel from Millstone Hill to Arecibo.
et al. (2003) (see Kelley et al., 2003, Fig. 3). However, only The experimental data presented above illustrate large and
the main features of the Jicamarca disturbance eastward elecomplex variability of ionospheric parameters resulting from
tric field can be tracked at Sondrestrom, Millstone Hill and geomagnetic storms. We will further focus on the character-
Arecibo due to the lower time resolution at these radars. Thastics of ionospheric parameters after the storm onset and the
eastward electric field at Sondrestrom reveals oscillations irmain mechanisms responsible for variations in these charac-
the electric field at the storm onset time, reaching values oteristics.
60 mV/m at about 12:30 UT, mostly in the eastward direc- Our observations of the initial response of the ionosphere
tion. The presence of an oscillation is also seen in the eastto the storm show a complex pattern of disturbances in
ward electric field at Millstone Hill, with a peak of 5mV/m plasma drifts. Of particular interest is a perturbation in the
at 12:30 UT that is clearly apparent relative to the quiet-timeeastward electric field, which consists of long-lasting (sev-
period on 16 April. Arecibo’s electric fields remain small, eral hours) variation superimposed on sharp and short-lived
less than 1 mV/m, but an oscillation can be traced after thglless than an hour) disturbances. This perturbation is ob-
storm onset. Clearly, the observations support the indicatiorserved by all radars along 7@ longitude, as shown in
of penetrating electric field disturbances from high latitude toFigs. 12 and 13. Both types of disturbances result mostly
the equatorial region. The Jicamarca observations have bednom the prompt penetration of magnetospheric electric fields
correlated by Kelley et al. (2003) with measurements of thefrom high to low latitudes. Both short-lived disturbances and
electric field in the solar wind by the ACE satellite, and have longer-lasting disturbances in the zonal electric field were
been used to demonstrate the coupling of the magnetospherextensively studied through observations and models (Kel-
fields and their penetration to equatorial latitudes. ley et al., 1979; Spiro et al., 1981; Wand, 1981; Fejer and
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Fig. 13. Eastward (left panel) and northward (right panel components of local electric field observed over Sondrestrom (top), Millstone Hill
(middle) and Arecibo (bottom).

Scherliess, 1998; Scherliess et al., 2001). Experimental datmorning sector (Wand, 1981; Scherliess et al., 2001). It also
show that storm-time penetration electric fields can signifi-shows a clear dependence on the level of geomagnetic activ-
cantly depart from the average climatological pattern, and thaty, and for K ,=5 conditions and magnetic latitude 5éhe
sources of the large variability are not well understood (Fejeraverage penetration electric field reach&smV/m in the af-
2002). While many questions remain, the average behavioternoon sector and-3 mV/m in the morning sector (Wand,

of the disturbance electric field has well-defined trends. It is1981).

characterized by an eastward electric field in the afternoon 5 g sained increase in the zonal electric field has impor-
and pre-midnight sector, and a westward electric field in theg consequences for ionospheric electron density. A zonal
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electric field corresponds to plasma transport in the merid- Vip Sondrestrom IS Radar
ional direction, and combined with the magnetic field, causes 100 ; : : ; ;
vertical plasma transport. Depending on the direction, it can
lead to a rapid increase or decrease in the height of the F-
layer, and, hence to an increase or decrease of electron den- 0
sity (positive or negative storm effects). Recently, Sojka ,
et al. (2002) used Utah State University ionospheric model £
to simulate the effects of long-lasting penetration electric  _1go}
fields on the mid-latitude ionosphere. They concluded that a
penetration electric field with magnitudes according to Wand
(1981), i.e. 2-3mV/m, can be responsible for a factor of 10  _5qg

increase in the electron density in the pre-midnight sector, a o 3 6 9 ur ﬁz 15 18 21 0O
factor of 10 decrease in the electron density in the pre-dawn , ours

sector, and tens of percent decrease in the electron density in Vip Millstone Hill IS Radar
the pre-noon sector. sof ‘ ‘ ‘ ‘ ‘
On 17 April, the~70° W radar chain observes penetra-

tion electric fields from~07:00-08:00 UT to~18:30 UT 401
(see Figs. 12 and 13), i.e. radars are located in the morn-
ing and noon sectors. The direction and magnitude of the «
penetration electric field is close to the average behavior, and E ol
a significant decrease in the electron density is observed at
mid-latitude location at Millstone Hill, as predicted by So-
jka et al. (2002). Figure 15 shows more detailed data for -40}
Millstone Hill to |.Ilustrate this effect. For convenience, the 0 3 5 s 12 15 18 21 o
top part of the Fig. 15 shows the eastward electric field (as UT, hours

given in Fig. 13), followed by the meridional neutral wind
at ~300 km (northward positive), the height of the F-region

20t

Vip Arecibo IS Radar

peakhmF2, and the electron density at the p&&kF2. The 601 ‘+Ap}” 15' |

meridional neutral wind is derived from the ISR ion drift —e— April 16

vector measurements (e.g. Buonsanto and Witasse, 1999).  40f > April 17 |7

Vertical lines indicate local noon, and arrows show sunrise 20}

and sunset times at 300 km. As was noted in Sect. 2.3, the £

daytime electron density on 16 April was unusually low and 0

cannot serve as an indicator of quiet-time behavior. The solid ~ _,q|

line in the bottom panel of Fig. 15 presents the average quiet

time NmF2, obtained from the Millstone Hill digisonde for -0 ‘ ‘ ‘ ‘ ‘ ‘

1-15 April 2002. 0 3 6 9 12 15 18 21 0
On 17 April, a decrease in electron density above Mill- UT, hours

stone Hill is observed starting after09:00 UT. It results _ _ _

from several competing processes, as follows from the preFig. 14. Parallel ion .drlft mea;ureq between 300.and 400km at
sented data. The westward penetration electric field causesondrestrom (top), Millstone Hill (middie) and Arecibo (bottom).
downward plasma flow and aids in the decrease in electron

density. However, an equatorward neutral wind, observec{ncreases due to the dip angle, while the efficiency of equa-
from ~9:30 to ~16:00 UT (Fig. 15, second panel), coun- b ange, y q

teracts this mechanism as it pushes plasma up the field Iinet.OrWarOI wind decreases. Observations over Arecibo sug-

Rapid changes in both electric field and meridional wind re_gest that the penetration electric field is indeed an important

sult in a very dynamic behavior a#nF2. In addition, an in- mechanism, responsible for the decrease in electron density

crease in plasma temperature due to electrodynamic heatin%t this location (Figs. 11, 13, 14).

(Fig. 8) leads to higher recombination and reduces electron

density. In contrast, at the mid-latitude locations of Kharkov3 Conclusions

and Irkutsk, which are in the afternoon sector after the storm

onset, the same long-lasting penetration electric field wouldThe observational data obtained by eight incoherent scat-
be directed eastward. Upward plasma motion due to thder radars during the April 2002 campaign provide simul-
eastward electric field, in combination with upward motion taneous information on the ionosphere-thermosphere sys-
due to the equatorward wind, causes positive storm effectéem at a variety of local times and locations. Com-

at these locations (Figs. 7 and 9). At lower latitudes, the ef-bined with unprecedented data coverage by a number of
ficiency of the penetration electric field on plasma motion space-based and ground-based instruments, these radar data
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Fig. 15. lonospheric and thermospheric parameters observed at Millstone Hill: eastward electric field, meridional wind (northward positive),
height of the F-layehmF2, and electron density at the peak of the F-layef2. Vertical lines indicate local noon, and arrows show sunrise
and sunset times at 300 km. Solid line in the bottom panel presents average quiéirii@eobtained from the Millstone Hill digisonde for

1-15 April 2002.

present a unique opportunity to study the response of thexpanded equatorward and was pushed out of the radars’
magnetosphere-ionosphere-thermosphere system to geomdiglds-of-view. The negative phase at high latitudes (Sval-
netic disturbances and the propagation of storm effects in latbard, EISCAT mainland, Sondrestrom) developed practically
itude and altitude. instantaneously, signaling that the increased electric field
is a primary responsible factor. At middle latitudes, F-

The main ionospheric response to the 17 April 2002 ge-region effects have a longer time to develop, and the neg-
omagnetic storm is a deep negative phase, with the elecative phase at Irkutsk starts developing after the onset of
tron density decreasing by a factor of 2-6 at auroral lati-the main phase of the storm and peak8h later. At the
tudes and by a factor of 2-3 at subauroral and middle lat-sub-auroral latitude of Millstone Hill, the observations com-
itudes. In contrast to a number of previous studies, noneine features of both high and middle latitudes, with a strong
of the high-latitude radars observed a prolonged increasenitial response and subsequent deeper development of the
in the electron density, which means that the auroral oval
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negative phase. Penetration electric field, equatorward neuinder cooperative agreement with the US National Science Founda-
tral wind, and electrodynamic heating are important counterdion, ATM-9813556. The Kharkov incoherent scatter radar is sup-
acting mechanisms affecting electron density over Millstoneported by Ministry of Education of Ukraine. The Irkutsk incoherent
Hill, with electrodynamic heating identified as a dominant Scatter radar is supported by the state grant (NSh-272.2003.5) for
mechanism after the storm onset. Small5% enhance- Leading Scientific Schools of the Russian Federation and Russian

ments of electron density (positive phase) are noted in thtfoundation for Basic Research (grant 03-05-64627). The Arecibo

daytime sector at mid-latitudes (Kharkov and Irkutsk) CloseObservatory is operated by Cornell University with support from a

. ] . . cooperative agreement with the NSF. The Jicamarca Radio Obser-
to 12:00 and 14:00 UT, suggesting that surges in aurora"y'vatory is operated by the Instituto Gésito del Pel, with support

generated equatorward wind and penetration electric field$om the NSF Cooperative Agreement ATM-9911209 through Cor-

are likely candidates to explain these observations. nell University. ACE data were supplied by the ACE Science Cen-
Strong heating of the upper atmosphere is observed afer website. The equatoridl, data were obtained from the World

high latitudes, with the western hemisphere (morning sec-Data Center C2 for Geomagnetism in Kyoto.

tor) being heated more than eastern hemisphere (daytime Topical Editor M. Lester thanks A. Aylward for his help in eval-

sector). The Sondrestrom radar recorded an extremely largeéating this paper.

(~100Q..3000K) increase in ion temperature. The increase

in the ion temperature subsides+@00. ..300K at the sub-

auroral latitude of Millstone Hill, and diminishes to a level References
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