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Abstract. We employ a global magnetohydrodynamics 1 Introduction

(MHD) model, namely the PPMLR-MHD model, to inves-

tigate the effect of the solar wind conditions, such as the

interplanetary magnetic field (IMF) clock angle, southward /onospheric equivalent current systems (ECS) are a conve-
IMF magnitude and solar wind speed, on the average patterfi€nt way to represent detailed features of global magnetic
of the ionospheric equivalent current systems (ECS). A newActivity including intensity, location and pattern. They over-
method to derive ECS from the MHD model is proposed andcome the limitation of many geomagnetic indices, such as
applied, which takes account of the oblique magnetic field<P. ap, AE and Dst, which are intended to describe only the
line effects. The model results indicate that when the IMFEintensity information of a particular geomagnetic latitudinal
is due northward, the ECS are very weak while the current?and Kamide et al. 1976. Under many circumstances, ECS
over polar region is stronger than the lower latitude; when@r€ @ good approximation of the ionospheric currents shed-
the IMF rotates southward, the two-cell current system dom-ding light on the spatial and temporal varying behavior of the
inates, the eastward electrojet on the afternoon sector and tHRaSiC processes in the ionosphere although they do not equal
westward electrojet on the dawn sector increase rapidly whildh€ true horizontal ionospheric current systetdat{edt and

the westward electrojet is stronger than the eastward electrd3@umjohann1993.

jet. Under southward IMF, the intensity of the westward elec- From the viewpoint of space weather, the ECS are of great
trojet and eastward electrojet both increase with the increaséterest because they relate to the geomagnetic induction
of the southward IMF magnitude and solar wind speed, andPhenomena which could cause problems on technological fa-
the increase is very sharp for the westward electrojet. Furcilities on the ground. Driven by rapid variation of the near-
thermore, we compare the geomagnetic perturbations on th&Pace current systems, the geoelectric field induces on the
ground represented by the simulated average ECS with théurface of the earth producing geomagnetically induced cur-
observation-based statistical results under similar solar wind€nts (GIC) in the man-made long conductor systems. When
conditions. It is found that the model results generally matchGICs are large enough to exceed the thresholds of the sys-
with the observations, but the underestimation of the east!éms, severe electric blackout, communication outage, and

ward equivalent current on the dusk sector is the main limi-corrosion of oil and gas pipelines would happBoteler and
tation of the present model. Pirjola, 1998, leading to huge economic and social _Io;ses.
oo _ Attempts have been made to model the geomagnetic induc-
Keywords. lonosphere (Electric fields and currents; Model- o, effects from the ECS with the ultimate aim of mitigating
ing and forecasting) — Magnetospheric physics (Solar wind-y, 56iding the harmful effects caused by Gl@silkkinen
magnetosphere interactions) et al.(2003 calculated geoelectric fields at some Baltic Elec-
tromagnetic Array Research (BEAR) sites from ECS deter-
mined by the method of spherical elementary current system

by using the complex image methoRljola and Viljanen
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490 J. J. Zhang et al.: Effect of solar wind on ECS

1998. At some sites the electric fields they calculated aretant role in developing an understanding of the physical pro-
in good agreement with the measurement. From the ECSesses occurring in the coupled solar wind—magnetosphere—
derived in a global magnetohydrodynamics (MHD) model, ionosphere system.
Zhang et al(2012 have simulated GIC flowing through a  In this study we will derive the average ECS from the
transformer of the Pirttikoski (PIR) substation in the Finnish global PPMLR-MHD model and investigate how the IMF
high-voltage power system during a space weather event oflock angle, southward IMF magnitude and solar wind speed
1999. They compared the modeled GIC with the GIC record-influence the pattern and intensity of the ECS. Furthermore,
ing and found that the simulation reproduced the main feawe would also like to find a way to verify the model results.
tures of the GIC signals for the event they investigated. The ECS are usually the representation of the geomagnetic
Global MHD simulations develop rapidly for several re- perturbation on earth’s surface, so comparisons of the ECS
cent decades. Many three-dimensional (3-D) MHD codesderived from the simulation and the observation are equiv-
have been developed to simulate the global behavior of thelent to comparing the geomagnetic perturbations on the
solar wind—magnetosphere—ionosphere coupling system iground calculated from the simulated ECS with the observa-
literature, for example, the Lyon—Fedder—Mobarry (LFM) tion.Weimer et al(2010 mapped the statistical geomagnetic
code (yon et al, 19998, the BATS-R-US code of the Michi- perturbations as a function of the IMF and solar wind condi-
gan groupPowell et al, 1999, the European GUMICS code tions by using a spherical harmonics fits technique. The geo-
(Janhunen1996, the PPMLR-MHD simulation codeHu magnetic data they used was collected from 104 geomagnetic
et al, 2007 and so on. Such models are essential tools toobservatories in the Northern Hemisphere at geomagnetic
understand the geospace environment and the plasma phydéatitude above 40during years 1998 to 2001. We will calcu-
cal processes in it, since in situ measurements are often tolated the three components of geomagnetic variations on the
sparse to enable a unique interpretation of the data, and thground from the simulated average ECS and then compare
complexity of the space environment limits our theoretical them with the statistical results from Weimer et al. (2010)
understanding as welR@eder et al.2001h. In addition, under similar solar wind and IMF conditions.
global MHD models are crucial for space weather applica- In addition, an approach to deriving the ECS from the
tions, especially under extreme solar wind and interplanetanglobal MHD model, which includes the obligue magnetic
magnetic field (IMF) conditions. When the empirical models field line effects is proposed and applied in this study. In
are unable to make predictions under the extreme conditionsrder to get ECS from a global MHD model for the high
which are often outside the range of validity, MHD models latitude region, previous work usually split the ionospheric
can still make physical principle-based predictions. currents into divergency-free toroidal current and curl-free
Deriving ECS from a global MHD simulation model is poloidal current, and adopted the toroidal current as the
of significant in both magnetosphere—ionosphere couplingequivalent current in a global MHD model under the assump-
and space weather studjfang et al.(2011) have success- tion of radial geomagnetic field linefR&eder et al.2001a
fully reproduced the ECS during two successive isolated subWang et al. 2011). Under this assumption the geomagnetic
storms by using the global PPMLR-MHD modély et al, perturbations produced by ionospheric poloidal current and
2007. Driven by the upstream solar wind, however, the gen-field-aligned current (FAC) cancel each oth&ukushima
eral average ECS pattern as a function of the solar wind and976 Kamide et al. 19817). In reality, the field lines are not
IMF has not been investigated so far. With respect to spaceadial at high latitude regions, the incline of the field lines
weather, the average ECS pattern could give us a hint abowghould be considered for more accurate estimations. In this
where the GIC hazards would be most likely to occur un-study we propose and apply an approach to deriving the ECS
der specific solar wind and IMF conditions, thus a rough butin the global MHD model, which takes the effects of the
much advance prediction of the vulnerable area of GIC hazionospheric poloidal current and the FAC into account.
ards could be made, since lajB/dt values occur predomi- In the remainder of this paper we will first introduce the
nantly during westward ionospheric electrojéfsjanen and  numerical model and the approach to derive the ECS; we
Tanskanen2011). On the other hand, average patterns of will then present the simulated average ECS under various
the ionospheric electric potentials and field aligned currentssolar wind and IMF conditions and validation of the results;
(FAC) as a function of solar wind conditions have been stud-discussion and summary will be given last.
ied for many years and their patterns for any arbitrary so-
lar wind conditions can be reproduced easily nowadays (e.g.,
Ridley et al, 200Q Papitashvili et a.2002 Weimer, 20058, 2 Methodology
but so far there have been few publications dealing with the
calculation of global-scale horizontal ionospheric currents a2.1  The numerical model
a function of the solar wind and IMR~(iis-Christensen et al.
1985 Weimer, 20053. As a good approximation of the hori- The numerical model used in this study is the global
zontal ionospheric currents, derivation of the average ECS aPPMLR-MHD model Hu et al, 2007, which is the same
a function of the solar wind conditions will have an impor- as our previous workWang et al. 2011), here we give
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only a brief description. The PPMLR-MHD code solves The data gap region is the region between the inner bound-
ideal MHD equations for the solar wind—magnetosphere—ary and the ionosphere mentioned in Sect. 2.1, in whiich
ionosphere coupling system. The numerical box is takens mapped from the inner magnetosphere boundary along
to be—300RE < x < 30Rg, —150Rg <y, z < 150RE with earth’s dipole magnetic field lines. To get the information of
the smallest grid spacing of ORE in GSM coordinates in  the current in this region, we utilize the relation:

the study. To avoid the complexity associated with the plas-

masphere and strong magnetic field, an inner magnetospherg / By = constant (3)
boundary is set at = 3Rg, and an electrostatic ionosphere

is set atr = 1.017Rg, a magnetosphere—ionosphere electro-to calculate/; at any point of the region along the field lines
static coupling model is imbedded between the inner boundfrom the current at the inner boundary, whefeand By rep-

ary and the ionosphere. To calculate the conductance tens@gsent the FAC and magnetic field magnitude at any position
of the ionosphere, two models are applied together. For thef the gap region along a field line, respectively.

contribution from the solar EUV radiation, we use a model Lastly, the geomagnetic perturbations at the fictitious mag-
in which the conductance depends on the solarfiyp¢ and  netometer sites are input to a geomagnetic inversion algo-
solar zenith anglee (Moen and Brekke1993. For the au-  rithm to derive the ECS in the ionosphere at radius
roral region, the model developed Bhn et al. (1999 is 1.017Rg. The algorithm is based on the principles as fol-
used, in which the conductances are empirically derived fromows. In the lower atmosphere, where electric current flows
the geomagnetic disturbances. The geomagnetic perturbatiofre negligible, the magnetic variation can be expressed in
produced from the model is the input of the conductanceterms of a magnetic potentidl as

model in the simulation, while an arbitrary weak ionospheric

conductance is given at the very beginning of the simulation.p = —grad®, (4)
Since the state of the system we are interested in has been

obtained after a long time, the choice of the arbitrary con-and the equivalent current is related to the external portion of

ductance does not influence the result significantly. The Hallgp by a straightforward mathematical relatiddhapman and
and Pedersen conductance over the dark polar cap region amghytels 1940:

subauroral region are set to constants 2.0 S and 1.0 S, respec-

tively, regardless of the magnetic perturbation level. 12n4+1/r\»
D(0,¢) = —— =22 (L) 080,60, ), (5)
uno n+1 \rg

2.2 The method to derive ECS

where®¢ represents terms in the spherical harmonic series
for the external portion of the magnetic potential at raagis
at the surface of earth, antl represents the corresponding

In order to include the influence of the ionospheric poloidal
current and the FAC on the ECS, we first define fictitious

magnetometer sites at the ground grid points which are “Vierm in the series for the equivalent current function in the

ery I° in magnetic latitude and 1 h in magnetic local time. . . : L :
. I . ionosphere at radius The magnetic potential is determined
Then we calculate magnetic variations at each site produce : . .
. . . . rom the calculated geomagnetic perturbations at the ficti-
by the ionospheric toroidal curredt, the poloidal current

. . X X ! tious magnetometer sites, then we utilize the external portion
Jp at high latitude region above B0nagnetic latitude and g P

. . . ) ~of ® and Eq. (5) to obtain the ECS.
the data gap region FAG by using the Biot-Savarts law. This method about derivation of the ECS from the geo-

o ) R—r magnetic perturbations was also adopted in the famous KRM
SB(R) = — / J(r') x mdS (1) algorithm (se&kamide et al, 1981, for details).
s
2.3 The input IMF and solar wind parameters
/
SB(R) =10 / J@') x Lr/gd 7 (2)  The global MHD model is driven by the solar wind and IMF
4r J IR —r'| at the inflow boundary. The input parameters include the

three components of the IMBy, By, B,, three components
where J (') is the current source; denotes the position of  of solar wind velocity,Vy, Vy, V;, solar wind plasma density,
the current sourceR is the location of the point of inter- N and plasma temperaturg, In order to get average ECS
est on the groundyo is the magnetic permeability of free under certain interplanetary conditions, the MHD parame-
space. Equation (1) is used for the geomagnetic disturbancters at the inflow boundary are changed to certain solar wind
produced by the horizontal ionospheric currdptand Jp. and IMF parameters after the system reaches the quasi-steady
Equation (2) is used for the geomagnetic disturbance prostate, and the parameters remain constant in each simulation
duced byJ;, the calculation takes account of the tilted FAC run for about 3 h (physical time). Then we take the averaged
from ionosphere until R (inner magnetosphere boundary ECS over the period of calculation as the ECS under certain
of the model). IMF and solar wind conditions.
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Fig. 1. Average ECS at 8 different IMF clock angles with increments 6f 4%ie scale length of current vector is shown at the bottom of the
center box. Latitude circles are plotted af 16tervals, the outer boundary of each plot is at &ditude.

3 Results 3.1.1 Simulation results

We examine in this section how the average ECS over thane show the average ECS patterns at 8 different IMF clock
Northern Hemisphere vary with the change of the IMF clock angles in Fig. 1. The peak values of the eastward current and
angle, the southward IMF magnitude and the solar windwestward current are given in the bottom corners in each po-
speed. Then we verify the simulation results by comparingjar plot, with the eastward current as positive. For each sin-
geomagnetic perturbations. gle pattern, the equivalent current vectors are plotted at grid
points every 1in magnetic latitude and 1 h in magnetic local

) time. The red vectors denote the westward current, and the
3.1 ECSasafunction of IMF clock angle blue ones represent the eastward current. The length of the
vector represents the current intensity, the same scale length
of vector is adopted for all patterns.

Figure 1 shows that the current is very weak when the IMF
is pointing northward, but the current over the polar cap re-
gion is somewhat larger than that over the lower latitude re-
gion. As the clock angle rotates to 96lockwise, the cur-
rent increases slightly, the eastward current distributes over
most of the polar region, and the westward current mainly
solar wind velocityVy is 450 km s1: solar wind numberden- distributes on the dawn sector betweer? 0 70 latitude
sity N is 7.5 cnm3; plasma temperaturg is a typical value  with a lower intensity. When the IMF rotates southward, the
of 10°K; By, Vy, andV; are 0. eastward electrojet at the afternoon sector and the westward

The zero clock angle is defined in the direction of the posi-
tive Z with By = 0, the angl&. increases as the IMF rotates

clockwise in the GSM Y-Z plane. In order to investigate the
influence of the IMF clock angle, the other IMF and solar
wind parameters keep constant in all of the runs: the trans

verse IMF magnitudet (Bt = /B2 + B2) is set to 10nT,
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T T T 3.1.2 Comparison with the statistical maps of geomag-

1.5 | O Westward ] netic perturbations

A Eastward

To verify the simulation results, we calculate the three com-
ponents of the geomagnetic perturbations on the surface of
earth by using Biot—Savart’s law with the simulated ECS pre-
sented in Fig. 1. Under similar IMF and solar wind condi-
tions, we make comparison between our simulation results
and the observation-based statistical resulté/efmer et al.
(2010. Figures 3, 4 and 5 show the patterns of the three ge-
omagnetic components (northward, eastward and vertical) as
a function of the IMF clock angl®.. They correspond to
! Figs. 9, 10 and 11 in the work &ieimer et al.(2010, re-
0 90 180 270 360 spectively. The graph format is generally the same for these
6. (°) two works, but it should be noticed that the outer boundary
of each contour map in our simulation work is°@@agnetic
Fig. 2. Pegk values of the westward currents and _eastward currentititude since the main features of geomagnetic filed pertur-
as afunction of the IMF clock angl. Square and triangle symbols  4iqns distribute above this latitude, while the outer bound-
represent westward and eastward peak values, respectively. ary is 40 magnetic latitude in the statistical work. The inten-
sities of the perturbations are characterized by the color in-

electrojet on the dawn sector develop evidently and the);erpreted inthg_color bar,_the northward, e_astward and dow_n-
mainly distribute between 6Go 75 latitude, the westward ward are specified as positive. The solar wind and IMF condi-

current is stronger than that of the eastward. As the IMFti(?nS are similar in the two yvorks. The transverse Ii\/": mag-
clock angle rotates from 2230 315 clockwise, the inten- nitude (Br = 10nT), solar wind speed’ = 450 kms™™) are

sities of both the eastward and westward currents decreas%“.e same in the two works and the solar wind density number

— =3y i i i i .
The influence of IMFBy on the ECS patterns can be clearly N =7.5cnm) in the S|m_ulat|on approxm_ates to the aver
seen from the comparison of the patterngat 90° (+y- age value of the solar wind plasma density of the database

direction) and af = 27C° (—y-direction). The two patterns used in the statistical work. The dipole tilt angle in the sim-
are generally mirror images with a reverse sign. The dawn_ulation is @ and corresponds to yearly average tilt angle or

dusk asymmetry is noticeable for each pattern, which mayEduinox, while in Figs. 9-11 of Weimer et al. (2010) the ob-

be mainly the results of the asymmetry between the dusk Ce|§erv§1tlor;share around the sumrr;)er_solstltr:]e. Thou_ghh the in-
and dawn cell of the electric potential pattern. By checking NSty Of the geomagnetic perturbations change with season,

the electric potential patterns in simulation under these IMFFig' 14 inWeimer et al (2010 implies that the perturbations

conditions, we find that in the Northern Hemisphere, when€V0IVe in a similar way as a function of the IMF clock angle
the IMF points in the +y-direction, the negative dusk cell is ™" different season. So qualitative comparison will be reason-
more large and round, while the positive dawn cell is moreabler; . fth hward and hward bat
crescent shaped with a smaller absolute magnitude of the po- ' N régions of the northward and southward perturbations
tential peak; when the IMF points into they-direction the Just correspond to that of the eastward and westward equiv-
situation is reversed. That is consistent with wRattigrew

alent currents, respectively. For the northward component
et al.(2010 described which is based on five years of Super-(F'g' 3), when IMF is northward the geomagnetic perturba-
DARN data. In addition, comparison of patterngat 135

tions are weak and distribute over the polar region; when the
(By > 0) and atf, = 225 (B, < 0) shows that a negative IMF rotgtes to southward, the southwarql perturbation on t_he

dawn side and the northward perturbation on the dusk side
develop greatly, the regions of most intense perturbations are

The peak values of the westward and eastward currents ar@cated between 6tand 70 latitude. The peak values of the
extracted and Fig. 2 shows how they evolve as the IMF C|0Cksouthward perturbations are located at the sector before dawn

angle rotates. We can see that the two kinds of peak Value\glhlle that of the northward perturbations are located in af-

increase as the IMF rotates southward, and after they reacﬁ-:rnoon sector. The distribution of the northward and south-

their maximum, respectively, they start to decline as the IIv”:ward magnetic field perturbations and the locations of their

rotates clockwise continuously. The westward peak vaIue?heak values Iat eac;h IMI_E clock ang(;e generally m?Ch X‘”thf
are generally larger than the eastward peak values. the statistical results. The eastward component (Fig. 4) o
the magnetic field variations is much smaller than the north-

ward component. A pair of regions with opposite but approx-
imately equal perturbation are located mainly over the polar
region; the eastward perturbation is located on the dawn side,

Peaks (A/m)

IMF By condition seems to favor a nightside westward elec-
trojet when the IMF is southward.

www.ann-geophys.net/31/489/2013/ Ann. Geophys., 31, 480% 2013
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dB Northward
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Fig. 3. Evolution of northward component of the geomagnetic perturbations as the IMF clock angle rotates. Peak values in the contour map
are indicated in the bottom corner in each polar plot, northward is specified as positive; The intensity of perturbation is characterized by the
color interpreted in the color bar; Latitude circles are plotted atidtervals, the outer boundary of each plot is at &ditude.

the westward perturbation is located on the dusk side, and We extract the peak values of the perturbations at these
the perturbation increases as the IMF clock angle rotates teight IMF clock angles from both the modeled and the sta-
southward. The location of the peak values are nean@y- tistical results and show how they vary as the IMF clock
netic latitude. These are roughly consistent with the statisti-angle changes in Fig. 6. From top to bottom, the graphs
cal results. The evolution of the vertical component (Fig. 5) are plotted for (a) northward, (b) eastward and (c) vertical
of the geomagnetic perturbations in simulation also generallyjcomponents. For the most dominate northward component
agrees with the statistical results. When IMF is due north-(Fig. 6a), the simulation result follows the trend of the sta-
ward, the two cells are located above® 80agnetic latitude tistical result well, the simulated southward peak value as a
with the downward perturbation locates on the dusk side, théunction of6; agrees with the observation with a high cross-
upward perturbation locates on the dawn sid&jcat 45° a  correlation coefficient of 0.969; the cross-correlation coef-
round region with upward perturbation is located at the po-ficient for the northward peak value is 0.855. For the east-
lar region, at dawn side of it there is a crescent region withward component (Fig. 6b), the simulated variation trend of
downward perturbation, this is reversed fgr= 315; when  the eastward peak value agree with the observation pretty
IMF rotates southward, a pair of downward and upward per-well with the highest cross-correlation coefficient of 0.976
turbation regions on the dawn side correspond to the dawramong the coefficients for the peak values in six directions,
side westward electrojet, and another pair of downward andvhile the coefficient of 0.618 for the westward peak value
upward perturbation regions on the dusk side correspond tis the smallest among the six cross-correlation coefficients.
dusk side eastward electrojet. All of these indicate that theThe low cross-correlation coefficient for the westward peak
evolution of the ECS as the rotation of the IMF clock angle vale is mainly caused when the simulation fails to predict
derived from the MHD model are reasonable. the reversal at due northward IMP(B6C° clock angle). For
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dB Eastward

12

17 nT 0 MLT -8 nT 19 nT 0 MLT —R0 nT

137 nT 00 MLT —109 nT 128 nT 00 MLT —128 nT 113 nT 00 MLT —102 nT

Fig. 4. Evolution of eastward component of the geomagnetic perturbations as the IMF clock angle rotates in the same format as Fig. 3.
Eastward is specified as positive.

the vertical component (Fig. 6¢), the simulation captures theespecially when the IMF is southward. This implies that the
general trends of the downward and upward peak value as simulation fails to reproduce sufficient eastward equivalent
function of the IMF clock angle with cross-correlation coeffi- current at the dusk sector. This may be caused by the lack
cients of 0.764 and 0.855, respectively. The graphs imply thabf ring current in the MHD model, which is associated with
the simulation generally reproduces the variation tendency ofthe development of the eastward current, since it is generally
the average ECS as a function of the IMF clock angle and théelieved that the eastward current is close to the partial ring
simulated current intensities are comparable to the observacurrent in the magnetosphere through region 2 FAC. Another
tion. disagreement is that the model fails to reproduce the reversals
Discrepancies between the simulation and the statistiat due northward IMF orientation {860 clock angle) in
cal results are not unexpected, since the MHD modelthe statistical results especially for the eastward component.
does not take into account every physical process in thdt implies that the intensity of the ECS under clock angle
magnetosphere—ionosphere coupling system. A more ded; = 0° is underestimated in the simulation. The perturba-
tailed comparison between Fig. 3 and the observation showions are located in the polar cap region when the clock angle
that the northward perturbation on the dusk sector plot inis 0°, and the discrepancy may be caused by the ionospheric
Weimer et al.(2010) (their Fig. 9) whelg = 270 is roughly ~ conductance model we used for this region. As introduced in
equal to the magnitude of the southward perturbation, whileSect. 2.1, the Hall and Pedersen conductance over the dark
the northward perturbation on the dusk sector produced fronpolar cap region are given to be constants 2.0S and 1.0 S, re-
the MHD model is too weak. The comparison of the patternsspectively (Wang et al. 2011). Because of the conductance
along with Fig. 6a indicates that the modeled northward per-model adopted in the simulation, the increase of conduc-
turbation on the dusk sector is smaller than the observatiotance in the region of the upward part of NBZ current system

www.ann-geophys.net/31/489/2013/ Ann. Geophys., 31, 480% 2013
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dB Vertical

12

41 nT 0 MLT —37 nT

+Z

0 MLT —138 nT

407 nT 00 MLT —293 nT 355 nT 00 MLT —266 nT 218 nT 00 MLT —229 nT

Fig. 5. Evolution of vertical component of the geomagnetic perturbations as the IMF clock angle rotates in the same format as Fig. 3.
Downward is specified as positive.

(lijima et al, 1984 caused by electron precipitation is ne- ward IMF conditions. We extract the peak values of the east-
glected in the simulation model when IMF is due northward, ward and westward currents and study how the current in-
which means that the conductance in the model is lower thanensity change as the conditions vary. Figure 7a shows the
real conductance. The lower ionospheric conductance coulgpeak values of the currents as a function of the southward
cause lower ionospheric currents and NBZ currents over théMF magnitude— Bz, here the clock angle is fixed to 180
polar cap region. It further causes the underestimation of thgé—z-orientation)— B; increases from 0 nT to 15 nT with5nT
magnetic perturbations. The use of a more accurate condudncrements,Vy is fixed at 450 kms!, N is 7.5¢cn3, T is
tance model over the polar cap region can be considered teet to 18 K, other parameters are 0. Figure 7b gives us the
improve the simulation results in the future. variation tendency of the peak values of currents as the solar
wind velocity increases when IMF is fixed & = —5nT,
3.2 ECS as a function of southward IMF and solarwind ~ the velocity Vy increases from 350km$ to 650km st

velocity with 100 km st increments, other parameters keep constant
with the above cases. Under southward IMF, as shown in
3.2.1 Simulation results Fig. 7, the intensities of both westward and eastward elec-

trojet increase linearly with the increase of the magnitude
A series of patterns of average ECS under different solawnf southward IMF and solar wind velocity, and the increase
wind conditions are also generated to examine the influencef the westward electrojet is much steeper than the east-
of the southward IMF magnitude and solar wind speed. Weward electrojet. In Fig. 7a, the westward peak value increases
find that the general patterns are similar under the same IMFrom about 0.1 Am? to 1.5AnT?! as the southward IMF
clock angle, while the intensity of the current is influenced magnitude increases from 0 nT to 15nT, while the eastward
by the IMF magnitude and solar wind velocity under south-
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peak value only increases from about 0.1 Alnto less than
0.5AmL; in Fig. 7b, the westward peak value increases
(a) Northward from 0.4AnT?! to 1.1 AnT!, while the eastward value in-

1000 i creases from 0.2Amt to 0.3Anm ! and the solar wind
| B et 2y speedVy rises from 350 km's! to 650 km s,
800 a NorthwardJAo_del —_ Q (n
g L& Rorthward Temer CH’C”’ 3.2.2 Comparison with the statistical results
g oo lew .
X 155 We then calculate the three components of geomagnetic per-
& 400k _EE turbations from the simulated average ECS, and extract the
@ [ ] g‘g peak values of perturbations to compare them with the sta-
200 F 193 tistical results. Figure 8 shows the change of the peak val-
g 188 ues of the geomagnetic perturbations with the increase of the
0 . . : southward IMF magnitude, the statistical values are extracted
0 90 180 270 360 from Fig. 12 of Weimer et al(2010. Except for the south-
6, (°) ward IMF, other IMF and solar wind parameters in the sim-
ulation and the statistical work are generally consistent. The
(b) Eastward IMF clock angle is 180andVy is 450 km st in both works,
400 i ' ' ] N is set to 7.5cm? in the simulation, the dipole tilt angle
| S Westward Wormer 1o corresponds to equinox in both work. The simulation results
300 H Apasiward todel _gg indicate that for the most dominate northward component,
= : joo the southward perturbation increases more steeply than the
e s L northward perturbation, which correspond to the steeply in-
§ 200 F :-sg% creased westward electrojet; the westward and eastward per-
o, : iz turbations increase slowly with similar magnitude; the verti-
2 100 : 3§ © cal component increases linearly with the rise of the magni-
] M 3 tude of the southward IMF, while the downward peak values
. 10 © are consistently larger than the upward peaks, which implies
0 that the clockwise equivalent current cell which is located
0 90 180 270 360 at the dawn side is more intense than the counterclockwise
6. (%) current cell located at the dusk side.
) Since the dipole tilt angle in simulation is the same as
800 . (c) Velrtlcal . the observation, quantitative comparison can be conducted
[ (D Upward Model 1 in this section. Based on the values in Fig. 8, except for the
|| O Upward Weimer 1 3 cross-correlation coefficient (CC), two other metrics — nor-
A Downward_Model R R
£ 600 | & Downward Weimer —_3 g malized root mean square difference (NnRMS error) and pre-
£ ] g I diction efficiency (PE) — are calculated to estimate the model
4 11D performance. The definition of the nRMS and PE are
£ 152 AB A Bopg)?
. 125 nRws— \/(( mou— A Bops?)
= 4 o0
B ((ABmod— A Bobg)?)
¢ PE=1— mod ; ob: ’
0 90 180 270 360 “obs
6. (°) where AB is the magnetic perturbation for the observation

(A Bopg) or the modeled valueBmog), {...) indicates arith-
Fig. 6. Peak values of the geomagnetic perturbations as a functionnetic mean, and trmgbsdenotes the variance of the observed
of the IMF clock angléc. From top to bottom three graphs show the 455 The perfect value for the nRMS error is zero, and less
(a) northward,(b) eastward(c) vertical components. Triangle and 1y 1 means the observed and calculated perturbation have

square symbols represent respectively the most positive and Nedr  similar trend with some offset. The NRMS error greater

ative perturbation. Red symbols denote the statistical peak valuesh 1impli h lculated bati . he b
from Weimer et al. (2010) and the black symbols denote the mog-han 1 implies the calculated perturbation may miss the ba-

eled peak values. Cross-correlation coefficients between the simuls3iC trend of the actual perturbation, and there exists a large

tion and the observation are labeled on the right axis for each graprdeviation between them. The PE equal to 1 indicates perfect
prediction, while the PE equal to 0 means that the perfor-

mance of the model is as good as that of a model that uses the
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Fig. 7. (a) Peak values of the westward electrojet and eastward electrojet as a function of the southward IMF mgghRedd values of
the westward electrojet and eastward electrojet as a function of the solar wind velocity. In the graphes the peak values of eastward electrojet
are indicated by triangle symbols, the peak values of westward electrojet are indicated by square symbols.

Table 1. Three metrics computed on the basis of the values in Fig. 8.Table 2. Three metrics computed on the basis of the values in Fig. 9.

North  South East West Down Up North  South East West Down Up
CcC 0.951 0.980 0.894 0.926 0.997 0.997 cC 0.980 0.964 0.835 0.883 0.957 0.894
nRMS 0.341 0.117 0.259 0.368 0.108 0.258 nRMS 0.284 0.134 0.308 0.492 0.181 0.271
PE —0.784 0.916 —0.060 -0.925 0.926 0.478 PE —3.635 0.691 —1.499 -2502 0.584 -2.540

mean value of the observation as a predictor. After interpola-
tion of the simulation results, we calculate the three metricsthe PPMLR-MHD modelKju et al, 2007. We presented the
(CC, nRMS and PE) on the basis of the values in Fig. 8 and*hange of average ECS pattern as the rotation of the IMF
list them in Table 1. All of the cross-correlation coefficients €lock angle, we found that the ECS is weak when the IMF is
are very high, and the lowest value is 0.894 for the eastwardiorthward, and the two-cell current system dominates when
peak value and the highest value is 0.997 which is almost 1the IMF turns southward; when the IMF is southward, the
the lowest nRMS error is 0.108 for the downward peak valueintensity of the westward current is larger than the eastward
and the largest value is 0.368 for the westward peak value€urrent. We also show that, within the range of the solar
the highest PE is 0.916, which is very close to perfect value 1Wind parameters we investigated, the intensities of the west-
for the southward peak value. All of these indicate that sim-ward and eastward current increases linearly as the rise of the
ulation results match pretty well with the statistical results, Southward IMF magnitude and solar wind speed under south-
but also the intensities of the perturbations quite well. sharp than the eastward current. Due to the lack of the direct
Figure 9 shows the variations of peak values of the ge_observation-based ECS at certain interplanetary conditions,
omagnetic disturbances with the increase of the solar wingve compared the three components of geomagnetic pertur-
speedVy. Peak values of the statistical work are extractedPations on the surface of earth represented by the simulated
from Fig. 13 of the paper diVeimer et al(2010. The IMF average ECS with the statistical geomagnetic perturbations
and solar wind conditions are also generally consistent in théWeimer et al.201Q under similar IMF and solar wind con-
two works. In the same format as Fig. 8, Fig. 9 indicates thatditions. Comparison results indicate that the simulated pat-
the simulation results are also in good agreement with the stal€rns for the geomagnetic perturbations evolve as the rotation
tistical results. Table 2 presents the three metrics calculate@f the IMF clock angle in the same way as the observation-
on the basis of the values in Fig. 9. The cross-correlation coPased statistical results, and the peak values of the perturba-
efficients for the peak values in six directions are all largertions as a function of the IMF clock angle, southward IMF

than 0.8, NRMS errors are relative low, and the best PE ignagnitude and solar wind velocity derived from the global
0.691 for the southward peak value. MHD model match with the statistical results quite well. All

of these imply that the average ECS as a function of the
IMF and solar wind derived from the PPMLR-MHD model
4 Discussion and summary are reasonable. In addition, the solar wind plasma denéity
could affect the intensity of the electroje&hue and Kamide
In this study we investigated the effect of solar wind condi- (2001 showed a positive relationship between the plasma
tions such as the IMF clock angle, southward IMF magni- density and the intensity of the auroral electrojets by study-
tude and solar wind velocity on the average ECS by usingng a period of time during which there are several density
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Fig. 8. Peak values of the geomagnetic perturbations as a function ofig. 9. Peak values of the geomagnetic perturbations as a function
the the southward IMF magnitude. From top to bottom three graphsf the solar wind velocity. The three graphs show(@eorthward,
show the(a) northward,(b) eastward(c) vertical components. Tri-  (b) eastward(c) vertical components. Triangle and square symbols
angle and square symbols represent the most positive and negativepresent the absolute values of most positive and negative pertur-
perturbation, respectively. Black lines denote the simulation resultsbation, respectively. Black lines denote the simulation results, red
red lines denote the statistical results. lines denote the statistical results.
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enhancements while other solar wind parameters were rel- Topical Editor K. Hosokawa thanks V. P. Papitashvili and one
atively constant. They also pointed out that when the IMFanonymous referee for their help in evaluating this paper.

is directed southward, the density effect is dominant in the

westward electrojet. We have run the model to investigate the

effect of the plasma density on the average ECS, the result§eferences

alsol_su.pp;)rt thedconclusmns Sﬁ;}ue andl Kfamlr:jGEZOO]) d Ahn, B. H., Richmond, A. D., and Kamide, Y.: An ionospheric
qualitatively. We do not present the results in the paper due conductance model based on ground magnetic disturbance data,

to the lack of the observation-based counterpart. J. Geophys. Res., 103, 14769-147806j:10.1029/97JA03088
As expected, there were some discrepancies between the 19gg.
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