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Abstract. We present results from a study of the behav- Thus we argue that the global two-cell DP-2 current system
ior of the auroral electrojet indices following abrupt south- is not a consequence only of a southward turning of the IMF
ward turnings of the IMFB,. The auroral electrojet in- but requires also the reduction of the conductivity gradient at
dices are calculated from observations made by more thathe terminator.

100 ground based stations provided by the SuperMAG col-
laborators. Based on three simple criteria we selected 7
events. In each event the interval of analysis started at th
time of the IMF B; southward turning and ended 45 minutes
later or at the onset of any abrupt energy unloading event
in the magnetosphere, regardless of size. We refer to this

period as the “pre-unloading phase”. To isolate the depeni Introduction

dence of the auroral electrojets on the solar induced iono-

spheric conductivity during this phase we separated the stanMcPherron (1970) noted in his groundbreaking study that in
dard AU/AL indices into two new sets of indices defined by addition to an expansion phase and a recovery phase, polar
the upper and lower envelope of the north-south componeninagnetic substorms had a growth phase prior to the expan-
for all sunlit stations (AUs/ALs) and for all stations in dark- sion phase during which many magnetospheric phenomena
ness (AUd/ALd). Based on events and statistical analysesccur. Since then many papers have addressed the response
we can conclude that following a southward turning of the of the magnetosphere-ionosphere system to IMF southward
IMF B; the AUd/ALd indices show no measurable responseturnings. It is generally accepted that the dawn and dusk au-
while the AUs/ALs indices clearly intensify. The intensifica- roral electrojets (westward and eastward, respectively) start
tions of AUs/ALs are dependent on the intensity of the solarto develop during this period indicating that these electro-
wind driver (as measured by IMB; or the Akasofus pa-  jets are primarily caused by enhancements of the ionospheric
rameter). The lack of AUd/ALd response does not dependconvection electric field associated with the southward turn-
on the intensity of any subsequent substorm. ing of the IMF (e.g. Kamide and Vickrey, 1983).

We find that during these isolated events the ionospheric Following a southward turning and preceding a substorm
current system is primarily confined to the sunlitionosphere.expansion phase onset the ionospheric current system is
This truncated version of the classical global DP-2 currentknown as the DP-2 system (to avoid any confusion with the
system suggests that auroral electrojet continuity is not mainglobal two cell convection pattern we will refer to this as
tained across the terminator. Because of its conductivity dethe DP-2 current system). Obayashi and Nishida (1968) il-
pendence on the solar zenith angle, this truncated global cutustrated the high latitude DP-2 currents with the primary
rent pattern is expected to be highly dependent on UT andharacteristics of two current cells with maxima near dawn
season and thus can be asymmetric between hemispheremid dusk and a mostly sunward current across the polar cap
(also see for example Nishida, 1971; Clauer and Kamide,
1985). Interestingly, in the original definition of the DP-

Correspondence tal. W. Gjerloev 2 current system by Nishida (1968) he observed that the
BY (jesper.gjerloev@jhuapl.edu) DP-2 currents 4re not associated with the excitation of the
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auroral electrojet (p. 1802). Vasyliunas (1970), however, In Sect. 2 we describe the data used; Sect. 3 provides def-
challenged this by showing that a current will flow in the initions of our terminology; Sect. 4 shows two examples;
auroral zone assuming enhanced ionospheric conductivity ifn Sect. 5 we perform the statistical analysis of our selected
this region. events; in Sect. 6 we discuss how our results are related to the
Since the McPherron (1970) study it has been widely ac-solar wind driver, substorms, and seasonal effects and what
cepted that a gradual intensification of the eastward and westhe implications are for the classical DP-2 current picture;
ward auroral electrojets is associated with the growth phaseand finally in Sect. 7 we summarize and draw conclusions.
Typically the growth phase is defined as beginning at the time
of the southward turning of the IMB; (GSM, propagated to
the dayside bow shock) and ending at the onset of the subé Data
storm expansion phase (e.g. Gjerloev et al., 2003). This pe-
riod has been published to last some tens of minutes (for ex-

ample 40 min Kamide and Kokubun, 1996; 60 min lyemori, Thi;’ ;tudy utiIiz.cejzsdglk;)baLgrgund-llc\JAaAs\gd. mggpeticGﬁelclj per-
1980; and 1-2 h ljima and Nagata, 1972). turbations provided by the Super initiative (Gjerloey,

According to the two-component electrojet picture the 2009), and solar wind data obtained by the ACE spacecraft.

electrojets are assumed to be directly driven by solar Wind&agn%tm indices gr? qalcaulate?sf(;ogoﬂl avaﬂsblr(]a stgno;rs
magnetosphere interactions such as merging and viscous € pcated at magnetic latitudes of 50— eg, which typically

fects. Baumjohann (1983) stated thaluting the growth includes 100-110 stations In agreement with the definition
phase/convection bay the Hall current flow in the auroral of the standard AL/AU indices we do not include polar cap

electrojets increases in direct relation to the energy input sta'qons _(here Iopsely deflned as 'a“F”deS above 80 deg_mag-
from the solar wind into the magnetosphe(p. 59). This netic latitude) since their perturbations are not associated

statement is of fundamental importance to the global DI:,_with the auroral electrojets. Historically the indices have

2 current picture and the two-component electrojet Conceppegrlgntergretfed asa r?om:]or 9f th(i'a'l:rogl eIfCttrr?Jet aCt'\I/'ty
since it predicts a cause and effect. While the eastward'¢ (N€reby ol magnetospheric activity. Lue to the popuiar-

and westward electrojets should respond simultaneously t Jy of the mghces thelr_ I|mltat|onsua_\rndff|nterpquetatlol? N hﬁ;/?ez_
changes in the IMF driver, any difference in the intensity Aﬁcomedaﬁ'm%?rtf;;és_i’ﬁ (e.g.l ZO%OeC:Zt(S)bZ Osilt_?] elr . '
of the two electrojet components can be attributed to differ- én and Kroen, ; Ahnetal,, ' )- The limita-

ences in the conductivity and strength of the dawn and duslyonfs are primarily due to the small.number of m_agnetometer
convection electric field. Kamide and Kokubun (1996) illus- stations normally used (10-12 stations) and their uneven spa-

trated the behavior of the auroral electrojets as measured bi | distribution t_hereby implying th_at Iar_ge per@urbations can
the AU and AL indices for two different IMF conditions. In  9° undetected if they are constrained in longitude or are lo-

their schematic illustration the AU and AL both start intensi- cated at latitudes poleward or eqqatorward of the AE s'Fatlon
fying at the time of the IMF southward turning without any network. The 12 standard AE stations are located at latitudes

apparent delay. Further both indices show a gradual imenpetween 60. a.nd. 72 but our much more comp_letg spatial
sification until the onset of the expansion phase. Both thes&OVerage m|n|m|zes th? various (.:aveats _Of the mdlggS.
central points are in agreement with the Baumjohann (1983) AS we will show the ionospheric electric conductivity ap-
statement above. The global DP-2 current system predict@€ars to be a key factor in controlling the electrojets, and
eastward and westward auroral electrojets flowing across thBence we calculate the AU and the AL indices separately
terminators from the dayside to the nightside (e.g. Baumjo-for sunlit stations and not sunlit stations. The terminator

hann, 1983) disregarding the presence of a conductivity gralS defined at an altitude of 200km for solar zenith angles
dient. of 10#. We refer to these indices as ALs (AL sunlight),

Despite this consistency in the literature, we have not enALd (AL darkness), AUs (AU sunlight) and AUd (AU dark-
countered any careful analysis of the period immediatelyn€SS)- That is the indices AUs and ALs are always defined
following the southward turning of the IMF when there is Py sunlit stations while AUd and ALd are always defined by
netospheric energy unloading events changes the ionospher@rger value of AUs and AUd (likewise with AL). The clas-
conductivity pattern. In this paper we ask the basic questionSical AU/AL indices are deduced from only 12 ground based

what is the response of the ionospheric current system to aftations and the large gaps in the coverage result in various
abrupt southward turning of the IMB,? We perform an  artifacts. With the introduction of the SuperMAG collabora-

analysis using a solid observational basis consisting of dat4on the coverage is vastly improved and the caveats are thus
from more than 100 ground based magnetometers obtainelimited.

during 73 events. We focus primarily on the so-called di- Events are selected using 3 criteria:

rectly driven ionospheric current system and hence we ter-

minate our analysis at the onset of any unloading of energy 1. 45 min of uninterrupted northward IMB; followed by

from the magnetosphere (e.g. a substorm). 45 min of uninterrupted southward IMF;
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Fig. 1. A typical event from 9 March 1998 when most of the auroral region was in darkness. Superposed onto the polar plot are ground
magnetic field vectors (units of nT) rotated®lockwise to indicate the equivalent current direction. Both thed@ 104 terminators are

shown on the plot. The line plots show the three components of the propagated IMF and the AU/AL indices determined from sunlit stations

(AUs/ALs) and stations in darkness (AUd/ALd). Vertical red lines indicate the time of the polar plots. Images obtained by the VIS Earth
Camera carried on the Polar satellite show the onset of a weak substorm at 08:20 UT.

2. |AL| and AU<100nT for 45min prior to southward The purpose of these criteria is to isolate the response of the
auroral electrojets only to southward turnings of the 1Bl

The first criterion ensures that we only analyze intervals with

) ) clean indisputable transitions. We accept&min transi-

3. Polar VIS Earth Camera images of the entire auroralion period during which theB, can fluctuate. The center

turning;

oval throughout the 90 min;
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Fig. 2. A typical event from 28 July 1999 when most of the auroral region was sunlit. Same format as Fig. 1.

of the transition period is chosen to be the actual transitionevents occurring within 45 min of the southward turning are
It should be noted that the vast majority of the events haveexcluded. We do include the event but terminate the analysis
clear single point north-to-south transitions (see for exam-at the onset of any explosive unloading features. Hence not
ple Figs. 1 and 2). The second and third criteria excludeall events provide a full 45 min of data following the south-
recovery intervals of previous substorms or other explosiveward turning though a majority do (56 of 73 provide a full
activity, which presumably were driven by processes internal45 min). We have focused on the years 1999-2001 when the
to the magnetosphere and thus would obscure the process &CE spacecraft monitored the solar wind conditions; when
which this paper is focusing. The third criterion also providesthe Polar spacecraft provided extensive periods of uninter-
for a careful examination of images to ensure that unloadingupted imaging of the Northern Hemisphere; and when the
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SuperMAG data holdings could be utilized. Using these cri-and the AUd/ALd and AUs/ALs indices. The IMB;, south-
teria we found 73 events that provide the basis for the analyward turning took place at06:55 UT following an extended
sis presented in this paper. period of northwardB;. After the southward turning the
The solar wind data obtained by the ACE spacecraft havdMF B; was fairly stable southward at approximatel@ nT,
been propagated to the bow shock @7 upstream) using which we show later is the average for our events. None of
the Weimer et al. (2003) method. Finally, as described abovethe four AU/AL indices showed any response to the chang-
we use Earth camera images acquired by the Visible Imagingng IMF conditions. In contrast to the scalar auroral electro-
System (VIS) on the Polar satellite (Frank et al., 1995). Thisjet indices the three polar plots provide global information
camera provides global auroral images in the far ultravioletalthough the conclusion appears to be the same. Thus in this
(FUV) range of~124-149 nm in contrast to the more lim- event where most of the auroral region was in darkness we
ited views but higher spatial resolution from its two visible find little (if any) response of the indices to the southward
imaging cameras. turning.
To investigate the dependence on the sunlight we show in
Fig. 2 a typical event where nearly the entire auroral zone is
3 Terminology sunlit. The IMF B; behavior is very similar to the previous
example: an extended period of northwagis followed by
The growth phase is generally defined as the period startan extended period of southwaBd of approximately-3 nT,
ing at the southward turning of the IMB; and ending at  with a sharp transition at 05:22 UT. In agreement with the
the substorm expansion phase onset. We maintain this ternprevious event the ALd, and AUd do not show any changes
We start our analysis at the southward turning but end it atuntil the onset of a weak auroral event at 06:24 UT at which
the onset of any abrupt event involving the unloading of en-point our analysis is terminated. The ALs is nearly constant
ergy from the magnetosphere, or after 45 min, whichever isuntil the onset. A weak+60 nT) intensification at dawn seen
sooner. Throughout the paper we will refer to this time pe-by the Image chain located on the dayside around 07:00 MLT
riod as the “pre-unloading phase”, since it involves solely does not exceed the ALs contributing stations located near
solar induced conductivity and electric field convection from dusk and thus this response does not define the ALs. One
the solar wind-magnetosphere interaction. This is consistentould speculate that this is due to terminator effects but a
with the terminology used by Kamide and Kokubun (1996). close investigation of the magnetograms for a few weeks sur-
Besides substorm expansion, an abrupt unloading evemunding the event does not support this. The AUs, however,
can be a pseudo onset that classically will not be defined astarts a gradual intensification abet20 min after the south-
the end of the growth phase. Thus we only analyze part ofwvard turning. It gradually intensifies for roughly 40 min until
the period typically referred to as the growth phase. We doit maximizes at~100 nT after which it stays fairly constant
this since the purpose of the paper is to determine the redespite the introduction of a small auroral nighttime event. A
sponse of the ionospheric currents to southward turnings o€loser inspection of the superposed ground perturbation vec-
the IMF B;. The introduction of any unloading event will tors show that the AUs intensification is seen at many stations
contribute to intensifications of the AU/AL indices and hence located on the dayside. The vast number of measured ground
eliminate any chance of analyzing the AU/AL response only perturbations indicates a one cell pattern that does not appear
to the southward IMFB; turning. to change significantly from 05:15UT to 05:40 UT despite
the southward turning. At 06:20 UT the one cell has changed
direction and there may be a hint of a dawn cell seen at the
4 Two events east coast of Greenland.

In this section we show two events selected to illustrate the

typical response of the ionospheric current system to abrups Data base analysis

southward turnings of the IMF. As we will argue in the dis-

cussion the solar induced ionospheric electrical conductivit\We now investigate the AU/AL response statistically to the

plays a central role and hence we show contrasting eventsouthward turning of the IMF, using all 73 events. The two

where most of the oval is in darkness and where most of theevents discussed above appear to indicate that the response

oval is sunlit, respectively. of the auroral electrojets to abrupt southward turning is de-
To illustrate the typical response of the ionospheric cur-pendent on the solar source of ionospheric conductivity. It is

rent system as measured by the ground based magnetomeost reasonable, then, to separate the analysis into an analy-

ters we show in Fig. 1 an event for which nearly the entire sis of the AU/AL indices on the nightside and on the dayside

auroral zone is in darkness. Superposed onto the polar pldAUd/ALd and AUs/ALs, respectively).

are ground magnetic field vectors (units of nT) rotatefl 90  Figure 3 shows the superposed epoch analysis for all 73

clockwise to indicate the equivalent current direction. Theevents with the time of the southward turning defined'as.

line plots show the three components of the propagated IMFThe IMF B, and By for all events (black lines) and median

www.ann-geophys.net/28/1167/2010/ Ann. Geophys., 28, 1M12-2010
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(red line) are shown in the top panels. Before the transition
the values oB; ranged from 0 nT to 12 nT with an average of
+2.9nT and after the transition the range wdl2 nT to O nT
with an average of2.8 nT. Hence, for half the events tiBg

was less thar-2.8 nT after the transition. The IMBy was
between +10 nT and-10nT. The median is very close to
zero although a weak negative slope may be detectable just
before the transition. The third panel shows the traditional
AL/AU deduced from all stations. Both the AL and the AU
start very gradual intensifications24 min and~7 min after

the B; transition respectively. AU increases fron85nT to
~65nT while the]AL| shows a somewhat smaller intensi-
fication from ~25nT to~40nT. The second selection cri-
terion (AL| and AU<100nT for 45 min prior to southward
turning) is the cause of the moderate values prior to the tran-
sition but we do not impose any requirement on the AU/AL
after the transition.

The two bottom panels show the separation of the in-
dices into sunlight and not sunlit components, AUs/ALs and
AUd/ALd, respectively. For the sunlit stations the median
AUs shows a gradual intensification in agreement with AU
but starting perhaps a few minutes earlier. Its magnitude is
larger than AU because the AUd stations add to the statistics
for the median but not to the intensification. The ALs and the
ALd medians on the other hand do not show any change until
near the end of our analysis period. Thus we find a difference
in the behavior of the AL/AU on the dayside and nightside
with the former showing a clear response to the southward
turning (but delayed) while the latter appears almost unaf-
fected.

We can highlight these changes in the AU/AL by subtract-
ing the values of the indices at the time of the onset, thereby
emphasizing any systematic changes that may take place.
Figure 4 shows the variations from the time of the southward
turning for ALs/AUs and ALd/AUd. The median shown in
red clearly shows an increase in the AUs while the median
ALs only show a modest decrease-05 nT toward the end
of the window. Naturally, there are individual traces show-
ing larger excursions than the median. On the nightside the
AUd is unaffected by the changing conditions of the I}
while ALd may indicate a minor decrease. We can further
investigate these changes by plotting the normalized distri-
butions of AAU and AAL for the dayside and nightside re-
spectively (Fig. 5). We do that prior to the southward turning
(T=—10min) and after7=10, 25, 40 min). For the\AUd
we find that on the nightside the distributions appear to widen
slightly (and the RMS increases) as a function of time. The
increase in the RMS, however, is not due to an intensification
of the eastward electrojet since the distribution after 40 min

Fig. 3. Superposed epoch analysis for all 73 events (black lines) anqs fairly symmetric around zero. In contrast, thé\Us dis-

median (red line) with the time of the southward turning defined as

T=0. Top panel show the IMBz; second panel show the IMBy;
third panel show AL/AU deduced from all stations; fourth and fifth
panels show the AUs/ALs and AUd/ALd, respectively.

Ann. Geophys., 28, 1167482 2010

tribution at 7=40 min on the dayside is highly asymmetric
which we can explain as an intensification of the eastward
electrojet. For theAALs and AALd the signatures are more
subtle. Again, the RMS is increasing on the dayside and the
distribution at7=40 min is clearly skewed towards negative
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Not Sunlit Stations

0
Time (min) Time (min)

Fig. 4. Change of ALs/AUs and ALd/AUd from the time of the southward turning. The median is shown in red.

values which we can interpret as an intensification of the6 Discussion

westward electrojet. For the nightside thé\Ld indicates

a minor negative tail but it also shows a significant increasef.1 ~ Limitations to data set and methodology

in the probability of positive values which would indicate a ) .

weakening of the westward electrojet. In conclusion we find W€ address the response of the ionospheric current system

striking differences in the spread of the individual traces (andl® @Prupt southward turnings of the IMB; component.

the normalized distributions) of the dayside and nightside in-"V& Utilize observations from more than 100 ground based

dices indicating a clear difference in the dayside/nightsideMagnetometers as enabled by the SuperMAG initiative. Al-

response of the electrojets. though outstanding spatlotempqral coverage is p_rO\_/lde_d by
The apparent peculiar results for the dayside eastwar('ihe SuperMAG collaborators_, this datase_t has its Ilmlta_tlons.

electrojet \AUs) may require additional comments. We ar- Be€fore making any conclusions regarding the behavior of

gue that there are two distributions in the top left panel of € global ionospheric current system we should keep these

Fig. 5: 1) events for which the two cell convection pattern POINts in mind:

is poleward of the conductance; 2) events for which the two 1 The basic limitation to the AL and AU indices is the fact
cell convection pattern overlaps the solar induced conduc-  phat they are one-dimensional scalars, which simply in-
tance. For the first group the terminator is located far on dicates the maximum perturbation measured at one of
the dayside and no response will be seen in ALs/AUs since  the AE station locations. The only information they pro-
the stations are located equatorward of the two cell convec-  \jige regarding the global distribution of the ionospheric

tion pattern and these produce the near zero peak. For the . rents is that the ground perturbations are weaker at
second distribution the convection electric field and the solar the location of all other ground stations. Hence, they are
induced conductance overlaps and the response is clear re- ot a measure of the global electrojet activity, although
sulting in the pronounced positive tail. For the nightside the it js often found in the literature that the global electro-
situation is simpler since ther_e is no solar induced conduc- jet configuration is presumptuously deduced. While our
tance and thus we expect a distribution centered around zero g p-indices (AUs/AUd and ALs/ALd) do not enable us
in agreement with the results. to deduce the instantaneous global westward electrojet
morphology they do more information that the classi-
cal AU/AL by providing a measure of the instantaneous
maximum electrojet intensity in the sunlit as well as the
not sunlit ionosphere. This is sufficient to determine the

www.ann-geophys.net/28/1167/2010/ Ann. Geophys., 28, 112-2010
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Fig. 5. Normalized distributions oA AUs, AAUd, AALs and AAUd shown in Fig. 4 at four timestamps=[—10, 10, 25, 40]. Root-mean-
square is indicated as RMS.

dependence on solar induced conductivity and thereby 5. For most events the changes in the indices are small,
address the objectives of the paper. raising the question of the sensitivity of our measure-

- ments. The sensitivity can be investigated by plotting
2. The indices are only calculated from the north-south the normalized distributions ok AU and AAL for the

components of the ground perturbations S0 any signif- dayside and nightside prior to the southward turning

icant east-west response will not be detected. Thus a (black lines in Fig. 5). We find the root-mean-square

rotatlon of a perturbation vector can appearas a change (RMS) of the distributions to be 5nT and 9nT for the

in the magnitude of the AU/AL indices. nightside and dayside respectively. Hence, trends in our
3. It is possible that significant currents are flowing in measured median values can elucidate rather subtle re-

the ionosphere undetected by the ground based magne-  sponses of the ionospheric current system to external
tometers. A current system consisting of field-aligned ~ and internal drivers.

currents closed by Pedersen currents without any Hall
currents does not produce any significant perturbations ) ) )
on the ground at auroral latitudes. This scenario re-8-2 Relation to solar wind driver

quires a Hall to Pedersen conductance r&tibas a re- ) ) .
sult of soft particle precipitation with characteristic en- We now mvestlgat_e w_hether the response of the indices to
ergies of precipitating electrons no more than a couplethe S_OUthV\_'ard turning is dependent on the strength of the so-
of hundreds of eV. In comparison sunlight alone pro- lar W'.nd driver a}s-measured py the magnitude of the IB4&
vides a ratio of~1.2 depending on solar zenith angle That IS, for n(.aglhglble solar wind mput the response would be
and solar 10.7 cm flux (Moen and Brekke, 1993). likewise negligible. We stated earllert_hat Fhe median IR}
for all events after the southward turningi®.8 nT. We cal-

4. Since the solar induced conductance plays a key role theulated the median of the IMB; (from southward turning
ALs/AUs are expected to have a pronounced seasondb end of analysis) and show this in the top panel of Fig. 6.
dependence. We find that the majority of the events had median values
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Fig. 6. Distribution of the median IMRB; during the pre-unloading phase after the southward turning (top panel). Left column shows
AUs/ALs for four intervals ofB; (top panel) and change in AUs/ALs from time of southward turning (bottom two panels). Right column
has same format as left column but for nightside stations.

in the range—1.0 to —4.5nT. To investigate the effects of system shows a clear dependence on the magnitude of the
B; magnitude on the response we divided all events into foulMF B, while the nightside shows no dependence. While the
groups: @& B; > —1.5nT (16 events):-1.5> B, > —3.0nT fewer events in each subgroup compared to the entire group
(26 events)—3.0> B, > —4.5nT (20 events)-4.5> B, nT will degrade the sensitivity of the calculations of the median
(11 events) and performed a similar analysis of the AU/AL values we consider changes beyond 10 nT to be significant.
indices as above for each of these groups. The averages (cal- Like the IMF B, dependence it seems reasonable to as-
culated for the same time period as the INBE above) of  sume that the ionospheric current system response is also a
each of the AUs/ALs and AUd/ALd subgroups appear in thefunction of the solar wind energy input. As a rough esti-
top panels and the averages of the changes since the soutimate of the energy input to the magnetosphere we utilized
ward turning in the bottom panels. Both the AUs and ALs the Akasofu epsilon parameter (Perreault and Akasofu, 1978;
subgroups show a clear IMB, dependence although the in SI unitse =10V B?sin®(6/2)i3, wherelp is 7Rg, B is

ALs is weaker by a factor of approximately three. For sta-the magnitude of the IMF, and is the IMF clock angle).
tions in darkness we find no systematic dependence on th@#/e realize that more complex coupling functions have been
IMF B; intensity. Thus the response of the dayside currentpublished (e.g. Newell et al., 2007) but for a qualitative test

www.ann-geophys.net/28/1167/2010/ Ann. Geophys., 28, 112-2010



1176 J. W. Gjerloev et al.: Response of the auroral electrojet indices to abrupt southward IMF turnings

20

Records
o
T
1

0 —i |
0 200 400 600 800 1000 1200
e (GW)
Sunlit Stations Not Sunlit Stations
150 T T T 150 T T T
100 F X 1005— E
B ' g sof :
~ ~ b - Sl et ot et g Bttt 3k tmaaies W
3 3 oF . =
< I e e
i 3 o 3
< < F
-100F 3 —100F 3
~188 } } } } -]38; }
E 80F 3
60F e
B T wf 3
3 3 :
3 3
_20 - -
-40fF E -40fF 3
40 = A0F -
20F E 20F 3
= (=
£ £
] 3 r ]
3 40  0<g<?5 E 3 -4 0<e<75 E
-60F 75<€<150 --- v e ] —80:— 75<€e<150 - -v v _:
150<€<300 - - - - - - I 150<e<300 ------ ]
-80F 300<¢ _ E -80F 300<g _——— 3
-100E . . . . . -100E . . .
-40 -20 0 20 40 -40 -20 20 40
Time (min) Time (min)

Fig. 7. Same format as Fig. 6 but fer

of the above hypothesis the parameter is sufficient. As As we find above the magnitude of AUs/ALs shows clear
for the above IMFB; analysis we calculated the median of dependence on time as well as INBz ande. We can high-
the ¢ (from southward turning to end of analysis) and di- light the magnitude dependence by plotting the change in
vided the events into four groups<@ <75 GW (11 events); AU/AL 35 min after the southward turning as a function of
75< ¢ <150 GW (28 events); 150 <300 GW (11 events); the mediamB; and mediar (Fig. 8). From the previous anal-
and 306z ¢ GW (23 events). Following Akasofu (1981), in- ysis we know that the changes in AU and AL are purely due
put power exceeding W (100 GW) can be considered to the response of the dayside; hence we have AL=ALs and
a substorm level, i.e., if this input exists for some time, a AU=AUs. The scatter in all four plots indicates that likely
substorm is likely to occur. As seen in the top panel mostother parameters play a role in this relationship (for example
of our events £71%) exceeded this 100 GW threshold. In seasonal dependence). However, a trend seems to be appar-
qualitative agreement with the IMB; results the dayside entin all panels with the\AUs dependence on IMB; be-
stations show increasing perturbations for increasing energyng the most convincing. For the epsilon parameter the AL
input (Fig. 7). Again, thgALs| appears to be considerably and AU show similar asymmetric responses although the dif-
weaker than the AUs. For stations located in darkness thdéerence in slope is only a factor ef2. Assuming a solar
overhead electrojets do not show any significant dependenceind velocity of 400 km/s and a pre-unloading phase dura-
on the energy input. tion of 35min we can convert these empirical relationships
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Fig. 8. Change in AU/AL at7'=35 min relative tor'=0 min plotted as a function of mediay and mediare. The median is calculated for
the time intervall' =0 to 7=35 min.

to AUs=28nT/(mV/m) and ALs=10nT/(mV/m) where the 10
solar wind electric field is given by the x-component of the
velocity and the southward IMF component: VBs. These 81 7

numbers are in good agreement with the results published
by McPherron et al. (1988) who suggested that the growth? 6
phase currents are very closely proportional to the rectified S I
solar wind electric field and listed scaling parameters to bee 4
17 and 37 nT/(mV/m) for two different substorms, although I
they pointed out that these parameters are expected to vary
from event to event. Our relationships are deduced for the
dayside indices (AUs/ALs) during the pre-unloading phase
while McPherron et al. determined the scaling parameters
for the growth phase of two strong substorms without any
knowle(_jge of Wh'(?h stgtlon Wa_s determining the index. With Fig. 9. Event distribution as a function of day of year. Records
these differences in mind we find the apparent agreement rer, jicate number of events per 10 day increments.

markable.

o N
T

100 200 300
Day Of Year

6.3 Seasonal dependence then ask if our event selection criteria inadvertently have bi-
ased our events toward a particular season. A plot of the
The scatter in Fig. 8 may be partly due to seasonal efnumber of events as a function of day of the year in Fig. 9,
fects. Gjerloev et al. (2007) found the average positionhowever, shows no seasonal dependence. The other interest-
of the growth phase oval at the noon meridian to be ating consequence of the seasonal dependence is that the cur-

~T7° magnetic latitude. To remove the seasonal dependenc%nt systems in the two hemispheres must be non_conjugate_
of the AAUs in Fig. 8 we calculated the solar zenith an-

gle for each event at the point P=P(MLT=12, MLAT=}7 6.4 Relation to subsequent substorms

and fitted theA AUs with the simple function/AAUs(x) =

—19.6tanh((x —87.3)/7.7) — 6, wherey is the solar zenith  One could speculate that the intensity of a substorm (peak

angle in degrees at P. Removing this dependence fromaL) is related to the intensity of the growth phase (AL prior

AAUs=AAUs(B;) increases the correlation coefficient from to substorm expansion phase onset). That is a strong sub-

0.6210 0.72. storm requires a period of strong loading, which presum-
Since we have shown that the response of the AU/AL in-ably results in a significant AU/AL prior to the substorm

dices to the solar wind driver has season dependence we muskpansion phase onset (e.g. Weimer, 1994). Following this

www.ann-geophys.net/28/1167/2010/ Ann. Geophys., 28, 1M1#2-2010



1178 J. W. Gjerloev et al.: Response of the auroral electrojet indices to abrupt southward IMF turnings

2001- 1-14 ( 14) logic we can argue that the reason we find little response
of the nightside ALd/AUd is simply that our selection cri-
teria inadvertently selected events that developed into very
weak substorms, so the AU/AL signature during the pre-
unloading phase is not easily detectable. At first glance at
the two examples in Figs. 1 and 2 this argument seems to be
supported since both developed into very weak events, 130

IMF (nT)

% -200 and 140 nT respectively. However, the distribution of the ep-
—sof- AL-darkness 3 silon parameter in Fig. 7 would indicate a good range of sub-
I St SRR Ut storm sizes. To verify a lack of a relationship we investigated

events that developed into strong substorms, with peak values
of |AL| ~480/620/730 nT, respectively (Fig. 10). For each
event the top panel shows the IMF, the second and third pan-
els both show the four AU/AL indices, but in the third panel
the vertical axis is enlarged to focus on any subtle signatures
preceding the substorm expansion phase onset. The grey bar
indicates the period between the southward turning and the
onset of any abrupt auroral event as identified in the Polar
VIS images. All three events exceeded our 45 min analy-
sis period with pre-unloading phase durations of roughly one
hour. In the first two events both the AUs and the ALs inten-
sify following the southward turning (but slightly delayed),
while the last event does not show this response. We can,
however, easily explain this lack of response by the location

: 'j:: ALd F of the terminator, which was located a75°/75°/65° mag-
- -darkness VIS . . . .
—soof. AL-sunlit Onset 3 netic latitude at noon, respectively. Thus there were no sunlit

100 " Y stations at auroral latitudes on the dayside for the third event.
WWJW In the first two events the electrojets in the dark ionosphere

° (as measured by AUd/ALd) show little response to the south-
_m% E ward turning in agreement with our statistical results. The
100 last event, however, is of particular interest since AL appears

nT

: o1 (houre)” ’ to display the classical gradual intensification prior to the ap-
parent AL substorm expansion phase onset at 13:08 UT. This
o 2000-12-25 (360) gradual intensification of the AL from 12:03 UT to 13:08 UT
Bz BX ot E can, however, be attributed to a small substorm as identified
g J\A"\ e T AV IAN from Polar VIS images (Fig. 11). Without images it would
¥ F -~ i be very difficult to identify the existence of this event and
SEE LT ey the decrease in the AL trace could be mistakenly attributed
# AU-darkness, AU-suniit to being solely directly driven rather than to the addition of

an unloading event, as is the case.

3 AL-darkness
-600E AL -sunlit Onset

" Our finding that the lack of response of the nightside AU/AL
“M to the southward turning is in contrast to the classical view
| o that the AL gradually decreases during the growth phase, be-
-m% 3 ginning with the southward turning. We suggest four possi-
-100 N ble reasons:

12
UT (hours)

6.5 Lack of nightside response of AU/AL

1. Dayside currents. During the pre-unloading phase, that
Fig. 10. Three examples of events that develop into strong sub- is before any nightside auroral activity, the AU/AL in-

storms. Top panel shows the IMF, the second and third panels both ~ dices come from dayside stations. Without a careful
show the AU/AL but in the third panel the y-axis is expanded to identification of the locations of the AL/AU contribut-

focus on any subtle pre-onset signature. The grey bar indicates the ~ ing stations one cannot assume that these indices are
period between the southward turning and the onset of any abrupt  defined by stations that are measuring the nighttime au-
auroral event. roral electrojet.
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definition working group). Associated with these pre-
cursor events is particle precipitation that enhances the
ionospheric conductivity required to produce any mea-
sureable AUd/ALd, and thus contaminates the directly
driven system (as seen in Fig. 11).

3. Selection methodology. The AL trace has been used to

60°

ﬁ)nT

% 104° select, identify and organize substorms. For example
oy the times of the substorm expansion phase onset may
70° 80° i be determined by identifying the time at which the AL

2 R shows a sudden decrease. While this is convenient for

: L large statistical studies the selected events will often be
preceded by pseudo onsets and weak substorm expan-
sion (Rostoker et al., 1980) and consequently the aver-
age AL will show a gradual intensification prior to the
actual substorm expansion phase onset.

4. Prior events. Finally, the required ionospheric con-
ductivity on the nightside can be provided by a pre-
ceding auroral event. That is, if a southward turning
takes place during the recovery of a prior disturbance

Fig. 11. Auroral activity at 12:26:00UT on 25 December 2000. the particle precipitation may still be sufficient to pro-

Ground magnetic field vectors (units of nT) rotated @bckwise duce significant ionospheric conductivity in the night-
to indicate the equivalent current direction superposed onto an im- time sector. This combined with an increase in the
age obtained at 12:26:17 UT by the Polar Visible Imaging System’s  convection electric field caused by the southward IMF
Earth camera (courtesy L. A. Frank and J. B. Sigwarth). The camera  would result in a response of the AUd/ALd. This con-
provided global auroral images in the far ultraviolet (FUV) range clusion is in agreement with the study by Rostoker et
of ~124-149 nm. Notice that the ionospheric currents are clearly al. (1983) which concluded thatie response of the

associated with the auroral emissions thereby indicating that these
currents are due to processes internal to the magnetosphere.

2.

magnetosphere-ionosphere current systems to changes
in interplanetary conditions is dependent on the prior
state of the systém

Growth phase terminology. During the pre-unloading In our analysis we find negligible response of the night-
phase we find no measureable response of the nightside current system t8, southward turnings. Following the
side ionospheric current system as measured by AU/AL.southward turning the global convection pattern is enhanced
We have defined this period as starting at the southwardut this does not necessarily lead to significant intensifica-
turning of the IMFB; and ending at any abrupt unload- tions of the ionospheric electrojets. In the literature the DP-
ing event (as seen by the Polar VIS Camera). With-2 current system is often found to be synonymous with the
out these unloading events we find little response ofglobal two-cell convection pattern but according to Ohm’s
the electrojets in the dark ionosphere and hypothesizéaw this requires the ionospheric conductivity distribution to
that the ionospheric conductivity on the nightside is too be uniform. Unfortunately, this is most often ignored in the
low to drive any measureable currents and hence the reliterature and the electrojets are depicted as flowing from the
sponse of AUd/ALd to the enhanced convection is in- dayside to the nightside without any consideration to the con-
significant. One can speculate that the diffuse auroraductivity gradients present at the terminators. Our results
is intensified and hence ionospheric Hall conductanceshow that the classical global DP-2 global current pattern
as a result of the southward turning of the IMF which (e.g. Clauer and Kamide, 1985) is not a necessary conse-
combined with the enhanced convection would lead toquence of a southward turning of the IMF.

an intensification of the electrojets. Our observations do

not appear to support this scenario. 6.6 Terminator effect

In contrast to our pre-unloading phase it is possible For the sunlit stations the AU and to a lesser extent the AL
to drive significant ionospheric currents in the night- show a clear response to the southward transition but for the
side ionosphere during the classical growth phase. lItstations in darkness the response is very weak at best. This
is well known that substorms are often preceded byindicates a decoupling of the dayside and nightside iono-
pseudo- and/or multiple-onsets (as realized by Rostokesphere thereby indicating that auroral electrojet current con-
et al., 1980, which presented a consensus of a substorrinuity is not maintained across the terminators. The global
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Dayside Behavior of AU/AL Nightside Behavior of AU/AL
A A Two Cases
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Fig. 12. Schematic summary figure showing the behavior of ALd for two different cases. Case A: An isolated substorm; and Case B: A
weak event (e.g., a pseudo onset) preceding the substorm onset. For Case A both the growth phase and the “pre-unloading phase” end at tl
substorm onset. For Case B the “pre-unloading phase” ends at the onset of the weak event while the growth phase ends at the substorm onse

convection electric field responds to a southward turning (e.g. On the nighside the situation is slightly more complicated.
Heppner and Maynard, 1987; Ruhoniemi et al., 1998) butWe show two cases: In case A no significant auroral activity
we are not aware of any statistical study having shown thds present; and in case B a weak auroral event, for example, a
ionospheric conductivity distribution to likewise respond to pseudo onset or a weak substorm takes place as indicated on
a southward turning. Only if significant particle precipita- the figure. In case A neither AUd nor ALd show any notice-
tion is present in the auroral zone around the terminator willable response to the southward turning. The pre-unloading
the conductivity gradient be minor and current be maintainedphase and the growth phase will both extend from the south-
across the terminator. This, however, requires the southwardard turning of the IMFB; until the onset of a substorm. In
turning to take place during the recovery phase of a prior subcase B a weak auroral event takes place as indicated on the
storm. Such a contamination has been effectively removedigure and due to the ionospheric current associated with this
in the present study. Since the remaining ionospheric conevent initializes a downward trend in nightside auroral oval
ductivity is primarily due to solar illumination, conductivity magnetic field perturbations that can be sufficiently strong to
gradients are present only at the terminators. These will redefine the ALd. Hence, the ALd now provides information of
sult in gradients of the electrojet currents across the terminathe behavior of this current system. The pre-unloading phase
tor. An investigation of the ionospheric current pattern nearand thus our analysis ends at the onset of the weak event
the terminators and the possible coupling to the magnetowhile the classical growth phase extends from the southward
sphere through field aligned currents is, however, not withinturning of the IMF B; until the onset of a substorm expan-
the scope of the current paper. There is support for this argusion.

ment in the literature. Rostoker et al. (2006, 1979) addressed

the continuity of the eastward electrojet current in the dusk

sector using 10 ground magnetometer stations in the Albertd Summary and conclusions

meridian line and Isis 2 particle precipitation measurements.

They suggested that upward field-aligned current flow occurdVe have performed a study of the behavior of the auroral
at the conductivity discontinuity between the sunlit and darkelectrojet indices following abrupt southward turnings of the

ionospheres. IMF B;. The auroral electrojet indices were calculated from
observations made by more than 100 ground based stations
6.7 Schematic ALd behavior provided by the SuperMAG collaborators. Based on three

simple criteria we selected 73 events. In each event the in-
Figure 12 is a schematic summary figure of our findings. Theterval of analysis started at the time of the IM# south-
figure shows the dayside and nightside behavior of the inward turning and ended 45 min later or at the onset of any
dices. abrupt unloading event, regardless of size. We refer to this
On the dayside we find a clear response of the electrojets tperiod as the “pre-unloading phase”. To isolate the depen-
the southward turning of the IMB,. Both indices intensify ~ dence of the auroral electrojets on the ionospheric solar in-
with some delay although the intensification of the AUs is duced conductivity during this phase we calculated AU/AL
found to be about twice that of AL. Both the growth phase separately for sunlit stations (AUs/ALSs) and stations in dark-
and the pre-unloading phase start at the southward turningess (AUd/ALd). Based on events and statistical analysis we
and continue until the onset of a substorm expansion. can conclude that following a southward turning of the IMF
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B; the AUdJ/ALd indices show no response while the day- Ahn, B.-H., Moon, G.-H., Sun, W., Akasofu, S.-I., Chen, G. X,

side indices, AUS/ALs, clearly intensify. The intensification — and Park, Y. D.. Universal time variation of the Dst index

of AUs/ALs is dependent on the intensity of the solar wind ~and the relationship between the cumulative AL and Dst in-

driver (as measured by IMB; or the Akasofus parame- diges during geomagnetic storms, J. Geophys. Res., 107, Al1l,

ter). The lack of AUd/ALd response does not depend on the do':10'1029/2002‘]'6‘009257_’ 2002. )

intensity of any subsequent substorm. Akasofu, S.-l.: Energy coupl_lng between the solar wind and the
. . . . magnetosphere, Space Sci. Rev., 28, 121-190, 1981.

We found tha_t dur_lng t_hese |s_olated events the_ |onospherlg\”enl J. H. and Kroehl, H. W.: Spatial and temporal distributions
current system is primarily confined to the sunlitionosphere. = o magnetic effects of auroral electrojets as derived from AE in-
This truncated version of the classical global DP-2 current gjces, J. Geophys. Res., 80, 3667—3677, 1975.
system has little westward and eastward electrojet currengaumjohann, W.: lonospheric and field-aligned current systems in
flowing from the dayside across the terminator into the night-  the auroral zone: A concise review, Adv. Space. Res., 2, 55-62,
side. Because of its conductivity dependence on the solar 1983.
zenith angle, this current system pattern would be expected t&lauer, C. R. and Kamide, Y.: DP 1 and DP 2 current systems for the
be highly dependent on UT and DOY, and thus be asymmet- March 22, 1979, substorms, J. Geophys. Res., 90, 1343-1354,
ric between hemispheres. The classical global DP-2 currenlt:r;r?lff’l_- A. Sigwarth, J. B., Craven, 3.D., Cravens, J. P, Dolans,
system requires the mFroductlon of additional conductivity, S.. Dvorsky, M. R., Hardebeck, P. K.. Harvey, J. .. and Muller,
especially in the nightside auroral oval, from energy sources : SR )

. .. D. W.: The visible imaging-system (VIS) for the Polar space-
internal to the magnetosphere sufficient to overwhelm the

o . . craft, Space. Sci. Rev., 71, 297-328, 1995.
conductivity gradients around the terminator. Thus we ar-gjerigey, J. W., Hoffman, R. A., Tanskanen, E., Friel, M., Frank

gue that the response of the ionospheric current system to | A and Sigwarth, J. B.: Auroral electrojet configuration dur-
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cell global DP-2 current system is not a necessary conseGjerloev, J. W., Hoffman, R. A., Sigwarth, J. B., and Frank,
guence. L. A.: Statistical description of the bulge-type auroral sub-

Finally, we speculate that the difference in behavior of the ~Storm in the far ultraviolet, J. Geophys. Res., 112, A07213,
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of the ionospheric current from the dayside to the nightside jerioev, J. W., Holiman, . A., sigwartn, J. 5., Frank, L. A., an
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