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Abstract. We have developed a new high resolution two- the coupling between the thermosphere and the ionosphere
dimensional model of the high latitude ionosphere in whichin the auroral region. The model, for this reason, also in-
nonlinear advection terms are closely coupled with the eleccludes a neutral atmospheric component. However, for the
trodynamics. The model provides a self-consistent descripstudy at hand, neutral atmospheric feedback effects need not
tion of the ionospheric feedback on the electrodynamical perbe considered: for the time scale of a few minutes which is
turbations produced by auroral arc-related particle precipita-of interest for the present publication, the neutral response
tion in regions with strong ambient electric fields. We find in is simply minimal. We therefore leave the description of the
particular that a heretofore neglected ion Pedersen advectioneutral part of our code to a future publication.

term can introduce considerable changes in the electron den- . 401 \ses a two-dimensional (2-D) domain in the

sity profile, the current density distribution, the conductivi- meridional plane, and assumes a dipole magnetic field. The

ties and the electron temperatures. We find that the CONVeGs J el also couples the electric potential to ensuing changes

tive effec;t; can carry th? '°”'Sa“°F‘ more th.an 150km c)Uts'dein the ionospheric conductivity through temperature and den-
the precipitation region in a few minutes, with attendant Iargesity changes. The 2-D grid allows for latitudinal resolutions

changes in the current distribution and E-region densities tha&s small as 400 m in size. This provides a much more detailed

become enhanced outside the region of particle preC|p|tat|onSpatial resolution than what a 3-D or global model can. For

The production of a tongue of ionisation that slowly decaysexample the TIME-GCM modeRoble and Ridley1994
outside the auroral boundaries contrasts with the sharp 9€Qi,5 5 Iaititudinal resolution of°5(~570km). The CTIM

metric cut-off and associated stronger current densities foun?FuIIer—Rowell et al, 1996 and the CTIPE Ruller-Rowell

in previous studies. et al, 2002, which is based on the CTIM, have a resolution
Keywords. lonosphere (Auroral ionosphere; Electric fields of 2° of latitude 230 km). The GITM Ridley et al, 2006

and currents; Modeling and forecasting) has a variable latitudinal resolution, with a minimum of £.25
(=140 km) in the auroral ovals. Even though these models all
offer self-consistent treatments of the coupled thermosphere
and ionosphere we show here that some important smaller-
scale physics (in time and space) is missing from the large
scale treatment. This being stated, no direct comparison be-
ween the global models and the present study is intended,
iven that we are really looking here at the different physics
hat takes place on smaller scales.

1 Introduction

A numerical investigation has been made into the dynamic
of mesoscale auroral structures, using a new numerical too
that has been developed to study transport and electrodynal
ics in the upper atmosphere. The ultimate goal of the mode
is to provide a high resolution self-consistent description of The use of 2-D models for the study of auroral electrody-
namics is not new. Seluller-Rowell(1984 1985, Chang
and St.-Mauric€1991), St.-Maurice et al(1996, Noél et al.
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(iohn.deboer@rmc.ca) This approach is justified when the auroral arc is an elongated
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east-west structure, such that gradients normal to the plane & Description of the model
the domain (east-west gradients) are unimportant compared
to gradients in the plane (north-south and vertical). A brief description of the important characteristics of the nu-

The geometry of our mesh reflects a dipole magnetic fieldmerical model is given in this section.
geometry. Our ionospheric model is thus inherently 2-D,
rather than an array of 1-D models as was done in some 02.1 The computational domain
the earlier work. In the process of developing a more robust
and realistic model that handles nonlinear terms more easI'he model operates within a 2-D domain which is a merid-
ily for an improved geometry, we have been able to uncoverional slice through an east-west oriented arc of precipitation.
some aspects of the dynamics of auroral arcs which were nothe upper and lower boundaries are curves of constant alti-
revealed by previous studies. Specifically, the convection ofude. The latitudinal bounds of the domain can be adjusted,
ions across magnetic field lines (as they carry the PederseBut are typically centred on 70. The scenarios presented
currents) and the inclination of the magnetic field from verti- used a domain spanning only about°20 latitude. The ex-
cal are essential features of the model that introduce imporact boundaries follow magnetic field lines through latitudes
tant differences with earlier results. set at the lower boundary.

The backbone of the physical processes that we discuss The earth is assumed to be spherical and the magnetic field
here have been describedNogl et al.(2000. Briefly stated,  is a centred, non-tilted dipole. Since there is no tilt the model
when an increase in conductivity is introduced after the onsetloes not represent any real terrestrial meridian accurately.
of an elongated east-west precipitation event and an ambierifowever this is not a problem as long as the present model
north-south electric field is present, charges accumulate ag to be run for short (less than an hour or so) simulations of
the edge of the precipitation region in an attempt to maintainrepresentative auroral activity.
uniform Pedersen currents. However, the charge accumula-
tion immediately sets up parallel electric fields and strong en2.2  Structure of the computational grid
suing current densities. In that sense, parallel currents arise
from horizontal gradients in the Pedersen conductivity, | he computational nodes are arranged on a discrete number
in the E-region: the Pedersen current density is proportionaPf magnetic field lines. The spacing between the lines can
to the product obp and the perpendicular component of the be smoothly reduced in an area of interest, as it has been for
electric field, E |, so that wherever a horizontal gradient of Some of the results presented here. The default spacing was
the conductivity is present there must also be a parallel curset at 1.6 km, but it was reduced to as small as 400 m along
rent to conserve charge. These parallel currents are carrigdfe northern edge of the arc to obtain better resolution.
almost entirely by electrons, and they are closed within the The population of computational nodes on each field line
magnetospheric dynamo, which is beyond our consideratiors related to the separation between the field lines. At the
here. The parallel currents enjoy a much lower resistancdottom of the domain, the vertical spacing is equal to the
than the Pedersen currents, so thats always much weaker —Spacing between field lines, and it gradually increases, start-

thankE . ing at 120 km altitude, to 1.5 times the spacing between field
An important element of the physics to be discussed herdines. _ . .
is the magnetisation parameter for each ion speeiesle- The model takes its name from this mesh scheme which

fined as the ratio of the cyclotron frequency to the momen-is structured in one direction but not in the other: “Quoit”
tum transfer collision frequency. The Pedersen mobility of stands for Quasi-Unstructured treatment of the Oval’s lono-

the species can be expressed as sphere and Thermosphere. Some detail of the mesh connec-
» tivity is shown in Fig.1.
Upi = —'2 1) The neighbours for each node are determined according
B(1+«)

to the Delaunay triangulatiomglaunay 1934. Some itera-
where B is the magnetic field strength. The Pedersen mo-tions are then performed to smoothen the mesh by allowing
bility is at a maximum value of A2B) at the same altitude €ach node to slide incrementally towards the mean position
as that at which is equal to unity. Under the conditions Of its neighbours. Each node is constrained to slide only
studied here, theup; for OF, NO* and O} all reach that ~ along its field line. The triangulation is re-computed after
maximum between 119 and 120 km. At that height and with€ach iteration. _

the 100mV/m field chosen for this study, the ions have a Spatial gradients of the velocity moments (the bulk trans-
Pedersen-component drift velocity 0f=900m/s. The ef- port properties) of the neutral species are determined using

fects of this drift will be examined in this article. the neighbours of the Delaunay triangulation, while spatial
gradients of the velocity moments of the charged species are

determined in two ways: for the parallel gradients, each in-
terior node has two unique neighbours on the same field line
which can be used for central or forward differences. For
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Fig. 3. Detail of the alternate mesh used to assess numerical diffu-
sion of perpendicular transport.

Fig. 1. Detail of the mesh at the lower boundary. This example

shows a resolution of 600 m along a field line in an area of interest,

gradually coarsening to 1.9 km in the rest of the domain. lated using interpolation. In order to quantify this numerical
artefact, an alternate discretisation was created in which the

nodes are arranged in a quasi-rectangular array, using dis-
crete values of both the shell valdeand a coordinate or-
thogonal toL. The equations for this dipole coordinate sys-
tem can be found in Sect. 2 ¢fuba et al.(2000. Some
detail of the grid is shown in Fig.

The first type of mesh (Fidl) is desirable for several rea-
sons (mostly related to modelling the neutrals) and was used
for the results presented in Sect. 4. Nevertheless, the results
were compared to results obtained with the alternate mesh
(Fig. 3). The differences were small, and they did not affect

\ / the qualitative conclusions.

2.3 lonospheric species and their moments

Six ion species (F, N*, O™, NJ, NO™ and Q) are treated
with a subset of the 8-moment approximation: the standard
Fig. 2. The construction of a virtual neighbour C used to calculate 5>-moment set plus the parallel component of heat flow. The
a perpendicular gradient at the nadg A is the nearest real node parallel heat flow is calculated with the Fourier approxima-
to C, and it is always a Delaunay neighbouxgf B is the upper or  tion. Each of the ion species has a number density and a
lower parallel neighbour of A, chosen such that C is interpolated. unique velocity vector, but the ions are assumed to have a
common temperature and heat flow, which is adequate for
E-region studies.
the perpendicular gradients, a virtual neighbour is created on Electrons are treated with a similar subset of the 8-moment
the field line on each side of a node, north and south. Theapproximation. However, in the case of the electrons the par-
values of a quantity at a virtual neighbour are computed byallel heat flow is modelled in a time-dependent manner in-
interpolation between the nearest node on that field line an@luding the thermo-electric term, rather than via the Fourier
its upper or lower neighbour. This scheme is illustrated inlaw. Charge quasi-neutrality is imposed on the electron num-
Fig. 2. ber density.
This interpolation scheme for perpendicular gradients in- The partial differential equations governing the transport
troduces numerical diffusion into computations of perpendic-of the ions and electrons may be foundBielly and Schunk
ular transport, since forward (upwind) differences are calcu-(1993 andBlelly et al. (1996. These papers also give the
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1348 J. D. de Boer et al.: Effects of precipitation on ionospheric dynamics

closed expressions for parallel electron drift and the paralle(1986 which are quoted biXoél et al.(2005 were also used

polarisation field associated with quasi-neutrality. for comparison, but were found to give results fairly similar
The model also uses the Navier-Stokes (N-S) approximato those ofDimant and Milikh Electron cooling rates due to

tion for the neutral species. The number densities of eighinelastic collisions with neutrals were obtained fr&@chunk

neutral species (H, He, N, O,,NNO, G, and Ar) are mod-  and Nagy(2000.

elled. The neutral species are assumed to have a common

drift velocity v, and temperatur&,. The transport equations 2.5 Computing the electric potential

for the neutral moments were obtained frémlss(2004. o ) )
The cyclotron and collision frequencies of the charge carriers

2.4 Coupling and source terms correspond to time scales that are very much shorter than any
of the dynamics under study. It is true that the current density

The moment equations for the various species, both chargeith aurorae can vary significantly over periods of a second or
and neutral, are coupled through collision frequencies. Ex{ess when the effects of Alan waves are considered,Zsu
pressions for the ion-neutral, electron-neutral and electronet al.(2001) have done. However on time scales longer than
ion momentum transfer collision frequencies were obtainedabout one second, obtaining the current density is essentially
from Schunk and Nagy198Q 2000. Besides the homoge- aD.C. problem since the time-rate-of-change of the magnetic
neous transport terms and the terms describing transfers efnd electric fields becomes negligible. A polarisation field
momentum and energy between species through elastic cobrising from space charge density is implicit in the electric
lisions, the following source terms or coupling effects were field perturbation obtained as described below, but the im-
included when the rates of change of the modelled momentgalance betweene and " n; is negligible when calculating
were computed: the velocity moments of the electron gas. The magnetic field
perturbation arising from the current density (e.g. from Hall
currents) may also be ignored, to a first approximation, as a
— ionisation, dissociation, excitation and electron correction to the geomagnetic field itself.

heating due to precipitating energetic electrons Given these reasonable approximations, the current den-
sity distribution may be computed at any instant from the
_ . . _ o 2-D network of Birkeland and Pedersen conductivities. Un-
— ion chemistry, including recombination der this assumption of D.C. currents, the electric potential
field @ is constrained by the charge-conservation condition
V- J =0, which may be expanded to

1. Continuity equations:

— ionisation due to solar EUV and night-time EUV

2. Energy equations:

— Joule heating including wave heating (Farley-

2 2
Buneman instability) 7P 7P dop dog

UPW—FOB&_zz:ELa_x—FE”_z_[)deg’ (2
wherepgegis the rate of charge deposition from degraded pri-
mary electrons; this is a very small term, but we include it for
The chemistry model uses the reaction rates forgven by consistency. This has a form similar to the Poisson equation,
St.-Maurice and Lanevill§1998 and the NO dissociative  except for the different length scales between the perpendic-
recombination rate given byoél et al.(2000. The quantita-  ular and parallel directions implied by the markedly different
tive results depend to some degree on these particular expregalues of Pedersen and Birkeland conductivity,and og.
sions, since they are very important reactions for the condi-This form suggests that the electric potential can be solved
tions studied. Beside those rates, the model also includes for by successive numerical relaxation.
number of other reaction rates obtained fr&ees(1989, To obtain a numerical expression corresponding tg =
Blelly et al. (1999, Swaminathan et a(1998, Huba et al. 0, we consider a quasi-rectangular cell around each node,
(2000 andProlss(2004. But the precise values of those rate aligned with the field lines. The four neighbours are the same
coefficients are not expected to be very important for repro-as those used for calculating spatial gradients of the charged
ducing or testing the results presented here. species’ moments: one each above and below on the same
The night-time photoionisation model was adopted fromfield line, and an interpolated neighbour on each neighbour-
the one described bluba et al.(2000 and the algorithms  ing field line. We may write a first-order expression for the
in their Sami2 release 0.98. This parameterisation describesurrent flowing into the cell through each of the four sides:
re-emission from the geocorona and EUV in starlight. A day-
time solar EUV ionisation model was also adopted from the
same sources, but for this study it was switched off.
The expressions for the Farley-Buneman instability
(threshold field and electron heating) are du®tmant and  where the conductancés are the product of eitheip or o,
Milikh (2003. The expressions developed IRobinson  as appropriate, and the width of the cell face, divided by the

— inelastic electron-neutral energy transfer
— the thermo-electric effect

4

Inet= Apdegt Y Ci(®; — ®), 3)
i=1
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neighbour’s distanceA is the area of the cell. Settinget 1of Electron Precipitation Spectral Flux
equal to zero and re-arranging fdrwe get
. 4
_ Apdegt Y i1 Cid;
= i .
Zi:lci

Obviously the net current will be zero for some value of
@ which is an appropriately-weighted average of the neigh-

D

(4)

-1 ,sr‘1]
-
o

S

-2

cm

-1

bours’ potentials, offset very slightly by the degraded precip- 3 10°
itating charges. 3
Before each time step, the conductivities are computed. §
Then a number of iterations are performed to relax each § 1L paricle fiux : 2371013 2
node’s potential to a value which contributes to a consistent eneray flux 596 mw.rm?
field for the whole domain. Those values of potential are '
also used as the initial values for the next time step. The mean energy : 1-62kev
potentials of the upper, northern and southern edges are se 102102 10° 1o

to Dirichlet conditions which correspond to a perpendicular Energy [ eV]
field strength of 100 mV/m. The lower boundary has a Neu-
mann ¢&/0z =0, or J; =0) boundary condition.E} and
E, are computed from the potential field using first-order Fig. 4. The energy spectrum of the precipitating electrons used for
central differences. the runs shown. Reproduced fra¥ogl et al.(2000.

As mentioned, the upper boundary has a Dirichlet con-
dition on &, although this is not 100% appropriate. Even
though the parallel conductiviwys is very high above the E-
region, some resistance to parallel currents remains above t
upper boundary, wherever the boundary is set. However w
have made runs with the upper boundary set at both 300 ang
600 km, and we find no significant change to the E-region
currents.

perpendicular ta (quasi-south), and by positivewe mean
h%nti-parallel to theB field (quasi-upward). (The reader need
é)nly keep this last definition of andz in mind to follow all
f the discussion.)
Therefore upward current is always shown as positive. But
since southward has become the positive sensk fave are
left with westward Hall current as positive. In any event, fig-
2.6 Coordinates ure captions always include the senses of vector components
drawn as scalar values.

For the computation of mobility and conductivity, our code  Lastly, let us note that the words “vertical” and “horizon-
uses a coordinate system whose x-, y- and z-axes are defindal” are used only in respect to the effective geopotential, and
by B, E; andB x E, respectively. Thus ambipolar drift is notthe magnetic field topology.
inherently in the sense of negatiyevhile Hall current is in
the positive z-directionin this coordinate systemBut the
physical orientation of this system varies with the direction3 Conditions studied

of E |, and therefore a geographically-tied coordinate system " i L
is required in which to represeit itself. The conditions under investigation in this paper were largely

The components of the vectdE are stored in a sys- the same as those studied Ngél et al. (2000, 2005). A
tem whose x-component is parallel Bo(quasi-downward) discrete arc of energetic electron precipitation was imposed
whose y-coordinate is perpendicular Boand in the plane at the top boundary, centred on a shell whose footpoint is
of the domain (chosen as quasi-northward), and whose ,70.0 latitude. The expression for the latitudinal pattern is
component is defined to make a right-handed system (easfl® S2me as Eq. (35) Moél et al.(2000 and is
yvard). For the results presented in thj; pagealways lies arctaria(x + A)] — arctaria(x — A)]
in the meridional plane. Vector quantities related to charged/ (x) =

. . . 2 arctaria A)
constituentsdj, ve and J) are also stored in this second sys-
tem. wherex is the distance north or south of the centre of the

In Sect.2.5above, and in the discussions below, however,arc. For the results presented here, the half-width was set at
the coordinates, y andz are used in a sense which is typi- A =10km, and the sharpness of the cut-off was set at
cal for 2-D studies of the auroral oval, namelyo the right ~ 5km~1.

(southward)y into the page (eastward) andvertical. Since The spectral flux of the energetic electrons was the same
we are treating a dipole field with approximately’8dclina- as that used bioél et al.(2000, 2005). It is shown in Fig,

tion in the area of interest, there is a potential for ambiguityand had an isotropic pitch-angle distribution. The precipita-
in this definition, and indeed hy we really mean the sense tion is “switched on” at =0 and left on.

: ®)
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Table 1. A key to the scenarios and cases for which results are3'1 Cases studied
presented. All scenarios used a 100 mV/m field and the same pre-

cipitation pattern and spectrum. In Table1 we present the three scenarios that were studied.
The first two use a dipole magnetic field and therefore have
Scenario  E field B field Case # aB fiel_d incli_nation of about 80i_n the auroral zone. Thus
scenario A with southward electric field also has a downward
A southwards dipole-model 1. no Pedersen component ofE. Similarly, scenario B with a northward
inclination convection electric field has an upwardly tilte#. Scenario A could
2: with Pedersen be representative of either 06:00 MLT with a dawn-to-dusk
convection oriented convection field, or 18:00 MLT with the opposite
B northwards  dipole-model magnetospheric convection; scenario B represents the com-
inclination plementary possibilities. Scenario C uses a strictly vertical
c southwards _ vertical B field, which permits us to separate the effects of advection

and divergence.
Tablel also shows the two distincasedor which results

The modelled height range covers from 90 to 300 km for&re presented for scenario A. In case 1 we have removed the
Pedersen drift term in order to compare the results with pre-

the results presented in this paper. The meridional bound-. . .
aries follow magnetic field lines through 67.8nd 70.5 N vious work. Case 2, as well as scenarios B and C, include the
at the lower boundary for the scenarios with a southwrds effect of Pedersen drift.
and through 693and 72.0N for the scenario with north-
wardsE, the domain being biased in each case towards the4
direction of Pedersen advection out of the arc.

The neutral number densities (except for NO; see below)
and the temperature are initialised using NRLMSISE®© (

cone elt 6}1-5003, spgqifilt?allél Bgta RHleeﬁsge 2'3, in C. IThe The most significant feature obtained with this model is in the
neutral winds were initialised using -98i€din et al, E-region ionisation. We observe that it is spread out away

1996 which was ported into C for this purpose. The so- from the arc of precipitation, in the same direction as the

lar conditions passed to both packages were I:10'7'6‘:81applied electric field, rather than being concentrated within

F10.7=100, and a daily AP index of 4. The local time was Sety, o where it is produced. This means that the gradients of

at 6 a.m. on 1 January. This choice of conditions for the NEU_ which cause parallel currents become steady ramps rather

trarll pa_lrame(;ers s arbitra_ry, land ilt doefsMnlf’_IE situate the ionofhan sharp steps, in contrast with earlier results.
SpTEZCs?)tIL;ryzzaigyarr)wzrlgcﬂsag dv?nuterlg night.—time ohotaioni- To demonstrate the importgnce of the convection of ioni-
. del was set 1o a constant 466r this study. Al- sation on th_e current distribution, the re_sults of two runs are
fr?ct)fghnt]r?e ?egion under study would not actually}ll)'e out ofshOWn in Figs5 through7. The only difference between
these two cases is that in the left-hand frame of each fig-

Sr']reCt SL:Q “?hht #nnl thfe surtlhwer_e rr]r;c;_r € théﬂ\a/‘bougl?e.rq ded ure (case 1) the physical effect of ion convection across field
e zenith, the fluxes from the night-time modelyielded ;' 1as been neglected.

initial electron densities comparable to those used in the ear- _. .
: Figure5 shows the electron density after 30 s for the two
lier study, and they were used as a proxy for all EUV and soft . )
T . R different runs. The results in the left-hand panel are compara-
precipitation fluxes. The ionosphere was initialised by apply- . . :
ing the night-time EUV model fluxes to the thermosphere forble to those obtained o€l et al.(2009, with the electron
g 9 P density found to be fairly uniform throughout the arc. The re-

20 min without precipitation. A column of this ionosphere ults in the right-hand panel are those obtained by including

was parameterised to use as a default starting point. For eacR}'e effect of ion advection. The production rate of electrons

of the three scenarios presented in the results, this paramt—and ions) is essentially identical to the first case. However,

eterisation was then used to initialise a further 20min run;, . X
DA . . o . the ions are subjected to an equatorward (and slightly down-
with night-time EUV and the particular electric field applied, . . e
X S . -~ ' wards) drift due to their Pedersen mobility in the background
but still no precipitation. A column with all of the species o o . .
gouthward pointing electric field. This mobility reaches a

not in MSIS (ions, electrons and NO) was saved and use . .
to initialise the runs presented. Therefore there is a “back-peak atabout 120km altitude. This effect breaks the north-

. S ) south symmetry of the results obtained in earlier studies.
ground” night-time ionosphere outside of the arc, whose E- Thereis al N mulation of ionisation below the high
region profile is in steady state until precipitation ionisation €reis aiso an accumulation otionisation below the fign-

intrudes due to advection. The initial electron density pro-lr.mb'my Iay;ar due t?. thle XC“,:;]angn dOf the rgz.af?netlg f'elﬂ
files are shown in FigL6. ines away from vertical. As the Pedersen drift carries the

ions to lower altitudes, the drift slows down due to more
frequent collisions with neutrals, which have a scale height

Results

.1 Effect of Pedersen drift att=30s (scenario A)

Ann. Geophys., 28, 1343:36Q 2010 www.ann-geophys.net/28/1345/2010/
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Fig. 5. Electron density after 30s. Case 1 (left) suppresses ion advection. Case 2 (right) shows the results with the correct transport terms

included.

of about 7km. The net effect is to reduce the ion densitymainly to advection outside the arc, which is greatest near
above 120 km, most markedly within one neutral scale heighthis height. However divergence of the drift also contributes
of 120 km, as observed in the results from our calculationsto forming the minimum at 123 km.

Furthermore, after maintaining a relatively strong downward
drift until about one neutral scale height below 120 km, the
ions begin to slow down, so that below about 113 km they
“pile up” as a result of the converging motion.

The differences in the results between cases 1 and 2 are
just as significant for current density as they are for elec-
tron (and ion) density. Figuré shows the current density
J as quiver plots for the two cases,rat 30s. Again, the

After 30 s, the effect of the ion Pedersen convergence cateft-hand panel shows case 1 with Pedersen drift being ne-
be seen in the height of the E-region peak. The peak ionisaglected and the right-hand panel (case 2) has the drift in-
tion rates found with the model for O,,Nand @ occurred  cluded. In case 1, there are two sharp horizontal gradients in
at 120, 115 and 113 km altitude, respectively. (Total electronop which must generate concentrated parallel currents, one
production was at a maximum at 115km.) Without Peder-upwards and one downwards, with current densities related
sen drift the peak concentrations of N@nd q would be  to the sharpness of the latitudinal cut-off of the precipitation.
at 115 and 111 km, respectively (case 1). With the inclusionCase 2 had two broad horizontal gradientspnthe quantity
of the advection terms, the peaks appear at 113 and 109 kndop/dx is positive throughout the interior of the arc and neg-
respectively. ative over a broad area to the south of the arc. However, the

The effect of the ion Pedersen drift can also be seen abovgrgdients obp are mu_ch weaker than in case 1, alth_ough they
120km. In case 1, the electron number densiyhas only exist over a much wider area. As .a-res_ult, there is a dqwn-
one maximum at 114 km altitude, seen as a bright yeIIowwar,dS current throughout the precipitation arc, and a wider
band in the left-hand panel of Fi§. But in case 2 there is €9i0n of upwards current spread out over nearly 30km on
a local minimum in electron density at about 123 km alongthe southward side of the precipitation region.
all of the field lines within the arc, and a secondary maxi- Figure7 shows the parallel component of the current den-
mum between 140 and 160km. In case 2 the minimum asity J; at 30s. The left and right panels correspond to the
123 km ranges frome = 2.0x 1019m~2 at the northern edge  respective panels in the previous figure. Note the different
of the arc to 13x 10 m~2 at the southern edge, compared to colour scales used for each panel. Case 1 had two very nar-
1.5x 10 m~3 at 123 km throughout the interior of the arcin row channels of current, comparable to earlier studies. The
case 1. As scenario C will show, the minimum is attributable parallel current density is high at the edges of the arc, and

www.ann-geophys.net/28/1345/2010/ Ann. Geophys., 28, 113363-2010
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Fig. 7. Parallel current density| after 30 s without (case 1, left) and with (case 2, right) ion advection. The two panels have a common
geometric scale but different function value scales. Positive values indicate upward current (anti-paBgllel to

low everywhere else. In case 2 we obtain considerably lowe#.2 Evolution from =30 s to 2 min (case 2)
peak parallel current densities than in the past, with dis-
tributed currents throughout the interior of the arc and on itsThe results presented henceforth all include the effect of
south side. The peak magnitude of parallel current density ifedersen advection (case 2). In the scenarios under study,
about 10 times lower when advection through Pedersen driff steady state was reached within about Smin. The elec-
is included (case 2) than without it (case 1). tron density within the arc below 150 km reached 80% of its
Figure8 shows the latitudinal profile af; in case 2 at an steady-state value within about one minute. At higher alti-
altitude of 140 km. This figure provides a better appreciationtudes the recombination time scale is longer so it took longer
of the shape of the current profile than the colour scale into reach equilibrium. However the electron density there
the previous figure, and shows the asymmetry of the curren€gloes not significantly affect the E-region current distribution.
distribution. Outside the arc, 50 km to the south, electron density takes
approximately two minutes to reach 80% of its steady-state
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value: there is very little change during the first minute while 1901
the ions are advancing southwards, and then during the sec-
ond minute the electron (and ion) densities increase steadily
towards equilibrium. 140
The evolution during the first several minutes can be de- 130 4
scribed as a steadily growing tongue of ionisation moving 120
equatorward of and slightly below the area of ion produc-
tion. The leading edge of this tongue is determined by the o
peak Pedersen drift, which for NOoccurs at a height of 02 70 698 se’.ﬁ- 1d69'.4“ Tz o | ese
119 km and was about 900 m/s at that height, for the imposed S
100 mV/m field. The resulting steady state solution is shown 190 |
in the next section. 180 |
One curious aspect of the approach to equilibrium was un- 170
expected and deserves mention, namely, a region of elevated 1601
electron temperatures protruding above the advancing tongue
of ionisation, roughly between 140 and 180 km altitude. Fig-

altitude (km)
o
o
|

200 -l

150

altitude (km)

130 4

ure 9 shows a time series of electron temperature from 15s 120

(top panel) to 120s (bottom panel), in which one can see 1o

this transient feature. The reason for this phenomenon is that 100

the growing region of ionisation extends underneath a region B — ——
70.2 70 69.8 69.6 69.4 69.2 69 68.8

with very low electron density. Yet the advancing incursion lattucle
of ionisation has a strong latitudinal gradientogf so there

must be upward parallel currents to close the circuit. These

parallel currents are carried by electrons which, despite theiFig. 9. Electron temperature at 15, 30, 60 and 120s. The spatial

relative scarcity, still offer a much lower resistance along scales and colour scales are the same in all four panels. The pre-
field lines than the abundant ions at 120 km offer across fielckipitating region lies between the inner edges of the two enhanced
lines. Nevertheless, the electrons must move downwards alectron temperature regions seen in the top panel. The pale yellow
up to 40 km/s to provide the required current density, hence?'e@ in the first panel is off scale; the maximum valugin that

the high temperature which results from friction. The elec- panel is just under 5500 K. The scale was chosen to make the next

tron temperature reaches a peak of 5500 K about 25s aftetPree panels more readable.
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Fig. 10. Electron concentration after 5 min. . ) . .
Fig. 11. Hall current density/y after 5min. The Hall current is

westward here, and is shown as a positive value.

the start of precipitation at 160 km altitude, 10 km south of

the arc. The peak flattens out rapidly after that, while it also, i .
moves downwards and farther equatorwards. As the tongu&s north side, whereas the area of downward current density

extends to its steady-state configuration, the Pedersen coffXtends slightly outside the arc. The reason for this is that

ductivity gradients soften and the parallel current is spreac’? IS €levated right up to the edge, so a downward current
over a very wide area, with an accompanying reduction inmust close the circuit just outside the arc. The intensity of

the required electron velocity. In comparison, the narrow!he /| on this edge, and the accompanying ris@dnare not
electron temperature enhancement on the northern edge GF '2r9e as those found BYoel et al.(2009, since the Ped-
the arc maintains a steady and stationary shape with a maxgrsen drift carries most of the ionisation away from the edge

mum value of 3300 K near 140 km altitude of the arc as soon as it is produced. We find thateaches
' a peak of 3300 K near 140 km altitude, and that the width of
4.3 Steady statewith ion advection (case 2) the peak (between half-maxima) was about 4 km.

In order to confirm that the hot and narrow electron layer
As mentioned earlier, the ionospheric and electrodynamigooleward of the arc was adequately resolved, we increased
features of the system essentially reach an equilibrium withinthe spatial resolution of the mesh on the northern edge of
about two minutes of simulation time. The results presentedhe arc. The latitudinal profile ofe at 140km altitude is
in this section are for five minutes elapsed time, but are alsghown in Fig.12for four different mesh spacings: 1 km, 800,
fairly representative of any time after two minutes. 600 and 400 m. The peak temperature of about 3300 K was
Figure 10 illustrates how the E-region ionisation created consistent, and the position of the maximum at about 500 m
by the arc of precipitation becomes smeared out over mor@utside the arc was consistent to within the grid spacing of
than 150 km to the south of the precipitation region. The E-each mesh.
region peak tapers off frome = 3.0 x 101 m=3 at the south- Figure9 also shows a layer of elevatgd around 110 km
ern edge of the arc, ta4x 10" m~3 at 50 km to the south, due to the Farley-Buneman instability (wave heating). The
to 9x 10°°m=3 at 100 km south, and t0.83x 101°m=3 at  threshold fieldEty, (notation ofDimant and Milikh 2003
150 km south. Compared to the southern edge of the preciptor the instability was about 19 mV/m at its lowest point near
itating region, the peak has fallen off bydlabout 80kmto  105km altitude under the initial conditions with = Tj.
the south. Within this tail of ionisation, the peak concentra- With Te elevated as a result of the instability occurring, the
tions of NO" and q are found at about 108 and 107 km, parametetE Ty, rises in such a way that its minimum is ap-
respectively. These heights are even lower than the altitudeproximately 36 mV/m at 101 km.
of 113 and 109 km found within the arc, since they are not The perpendicular polarisation field set up by the changes
biased upwards by the ion production terms. in Pedersen conductivity modifies the perpendicular elec-
Figure 9 shows a stationary region of elevated electrontric field. The field strength rises to 109 mV/m just out-
temperature just poleward of the arc. This feature reacheside the arc and drops to 94 mV/m just inside. The effect
a steady state quickly. It occurs because the electron densityf this perturbation is visible at the lower-left of each panel
drops off to a very low value outside the precipitation arc onin Fig. 9 because of the sensitivity @t to £, in the areas
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Fig. 12. Electron temperature profile at 140 km altitude on the 1901
northern edge of the arc, at="5min, for a series of mesh res-

olutions from 1km to 400m. The horizontal axis is lateral posi- 1807

tion, positive toward the south (into the arc). The peak valug.of 1704

changed by less than 50K, and the location of the peak was consis: 1G04

tent within the resolution of the mesh. _— 20
% 140 -30

of occurrence of the wave heating. Incidentally, this change = 130 -

in field strength over a distance of about 2km can be used -40

to estimate the space charge density using Gauss’ law. It is 2N

roughly 4x 10 m~3, or about one part in f0of the electron 110 50

density, which supports our earlier assertion that the space 100 -

charge density can be neglected in the ionospheric transpor o -60

equations. e e

The Hall current density for case 2 is shown in Fig. latitude ————T— J:A/mz
One can see that its spatial distribution is very similar to that 50 km

of the electron density below 120km. We now show that
the Hall current density is quite different for a northward, or

. . Fig. 14. The Hall current densi attr =5 min with a northward
poleward, pointing electric field. g Vi

E field (scenario B). Note that its direction has changed compared
] ) to Fig. 11. The Hall current is eastward here (into the page), which
4.4 Northward E field (scenario B) happens to be negative in our computational sign convention.

Scenario B has an electric field oriented northwards, opposite
in direction to the previous scenario. The precipitation ion-tempts to empty out the band of altitudes whgeg is high
isation pattern is the same as in the southwhrdcenario, and piles the ionisation up above 130 km where this drift be-
but now the ions advect northwards from their point of cre- gins to wane. Figur&3shows the electron density as a func-
ation. Because of the inclination of ti® field, they also  tion of position at =5 min for a northward electric field. We
move upwards. Therefore the results in this scenario cannodbserve a gradual slope in the altitude of the peak electron
be described as being approximately a mirror image of thoselensity: 50 km to the north of the arc the peak is at 125 km
in scenario A. We only present resultsrat 5min, which  altitude; 100 km to the north it is at 131 km; and 150 km to
effectively represents steady state. the north itis at 134 km.

The most profound effect of the reversal of the electric  Within the precipitation region, there are two E-region
field is the upward component of Pedersen drift, which at-maxima, one at 112 km and the other at 135 km, with a subtle
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minimum at 122 km. The minimum is comparable to those 1.0E+09 1.0E+10 1.0E+11
found in scenarios A (case 2) and C, and is therefore mostly electron density (m™?)

attributable to transport out of the arc, rather than to di-
vergence of the drift. That is, the minimum is due to the

—v,(dnj/0x) term in the ion continuity equation rather than Fig. 16. These profiles of steady-state electron density were ob-
—ni(dvy/0x). tained with the background EUV ionisation only, and the electric

The effect of the divergence of Pedersen drift can be de—f'eIOI specific to each scenario.

tected in the “background” ionisation outside of the arc. The

background is too weak to be visible in Fij3 ObUt_iSt IS 119km, and to the slower Nand G} recombination below
shown in Fig.16. There is a peake = 1.4 x 10°m~3 at 116 km due tdTe elevated by wave heating.

. . _3
98 km altitude, a mmmgijén 92‘5 x 10°m~2 at 119 km, and Outside the arc, there is a singlgpeak at 115 km, which
a second peak 0f.2x 107" m™* at 146 km. The background g qite sharp on the upper side due to the sharp cut-off in

had no latitudinal variation, so that the double peak musl e heating. This abrupt vertical gradientiis an artefact
have been generated by the divergence term in the ion contiss the verticalB field geometry.

nuity equation.
The Hall current densityy is shown in Figl14. Note that 4.6 Electron density in the absence of the precipitation
the Hall current has changed sign from scenario A (Ei, arc
and is now eastward due to the northwdd It has a peak
magnitude comparable to the previous case, but is mucHrigure 16 shows the “background” profiles of electron den-

more localised in spatial extent. sity used to initialise each scenario. As mentioned in Sect. 3,
these data were obtained by running the model with the
4.5 Horizontal E field (scenario C) scenario-specific electric field and the EUV model applied,

but without precipitation, until steady-state was reached.
Figure 15 shows the steady-state profile of electron density These profiles are also the condition in which the ionosphere
as a function of position with a geometry of vertidalfield ~ rémained “upstream” of the Pedersen-advected precipitation
lines. This scenario is intended to separate the effec® of lonisation.
field tilt and vertical Pedersen drift from those of advection. These profiles on their own provide some interesting re-

As one might expect, the plume of ionisation stays at a conSults, although we have preferred to focus on investigating
stant altitude in this geometry. the effects of discrete precipitation arcs. Yet one can see in

Just inside the right side of the arc, there is a maximumthem how j.ust.the_ vertical cqmpqnent f)f the Pedersen (_jrift,
ne=3.0x 101 m=3 at 112km, and a second maximum of due to the inclination of the field lines, influences the height

15x 10 m=3 at 139km, separated by a subtle minimum @nd strength of the E-region maxima.
of 1.4 x 101 m=2 at 123 km. Since there is no vertical drift

here, the minimum at 123 km is attributable only to deple-

tion caused by advection out of the arc, which is strongest at
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5 Discussion 5.2 Effect of the electric field polarity

The effect of ion drift-velocity divergence on the height and The scenarios with northward and southw#&rdre not sym-
thickness of the E-region and of sporadic E-layers has beemetrical, but they nearly have a rotational symmetry. Note
anticipated and modelled byygren (1990, Kirkwood and  that if we assumei, ~ vopexp(—z/Hy,), then we can write
Nilsson (2000 and MacDougall and Jayachandrg2005, ki ~ exXp((z —zm)/ Hn), Wherezp, is the altitude at which; is
although the latter two studies were focused only on the conequal to unity (the “magnetisation boundary”). Using EL. (
text of metallic ions in sporadic E. We find in our ‘back- and substituting this form fot;, we can say
ground |0n|_sat|0n a conflrmat!on of the vert_|cal_-dr|ft ph_e- sechi(z— zm)/ Hr)

nomenon with general application to all E-region ion species.up~ . (6)
Moreover, these studies were 1-D, so they looked only at ver- 2B

tical convergence with the assumption of planar uniformity, From this relationship we can appreciate that the magnitude
i.e.(9/9z) > (3/9x), which is not the case when examining Of the Pedersen drift does not change when the polarify of
precipitation arcsNygrén et al (2008 have noted the impor-  changes, and that its vertical profile is more or less symmetri-
tance of horizontal transport in forming sporadic E-layers.calin the vertical axis about the ion magnetisation boundary,
For precipitation ionisation, we find that all terms in the vec- to the extent thaki is comparable over several scale heights.
tor drift have an important influence on the E-region electronThere is therefore a modest degree of rotational symmetry
density profile and on the coupling of the ionospheric dy- between scenarios A and B, although it is not complete since

namics with the electrodynamics. ion-neutral chemistry is height dependent dadnd Hy, are
not constant.
5.1 Extent of meridional ion transport The other significant asymmetry is that in the southward

E scenario, the ions are driven lower towards altitudes where
The Iength scale of the southward plume of ionisation Canthey are progressive]y demagnetised and tBeir B motion
be seen to be limited by the diagonal trajectory an ion takeseases. But in the northwai scenario, the ions become
through the region of fast Pedersen drift. Let the neutral scal&teadily more magnetised, and the magnitude of tHeirB
height beH,, which is about 7km at 120 km altitude. If we motion approache&  /B. Therefore, the former scenario
consider the band of altitudes froff, above 120km td4n  has very little zonal advection of ions, and therefore signif-
below it, this rapid part of the trajectory whegey; is high jcant Hall current density over the whole area of the plume,
has a length of about 2/ntan/, where! is the inclination  \hereas the latter scenario has strong zonal advection of E-
of the magnetic field lines, which is about®8&t 70 MLat.  region ions, but significant Hall currents only within or near

Therefore, the ions can convect a distance of order 80kmhe arc. This asymmetry is obvious when comparing the Hall
before reaching the bottom of their layer of highest mobil- cyrrent distributions in Figsl1 and14.

ity and beginning to decelerate due to a higher collision fre-
quency. Such a trajectory takes about 110 s to complete witlh.3 Assumption of zonal symmetry

the E, that we applied, and at either end ofjt is 65% of

its maximum value. Travelling from 2/, above 120km to  The distribution of Hall current density in the southwatd

2 H, below it requires 330's, ang, is 26% of its maximum scenario is shown in Figll. The electrons, having a mag-
value at the beginning and end. netisationke much greater than unity, are nearly unimpeded

The size of the southward plume might also be thought toln their eastward® x B drift, whereas a reduction in the ions’
be limited by the chemical lifetime of the ion species. The E x B drift due to collisions is the source of the Hall current
trajectory described in the previous paragraph takes aboudensity. The peak speed of this drift is about 1.9 km/s under
110s to complete, whereas at 108 km altitude™kas a  the conditions studied. Under the assumption of negligible
lifetime of about 80 to 120's, getting longer the farther southzonal gradients, th& x B drift does not affect the plasma
one looks in the plume. The recombination rate of the ma-number density in the 2-D domain, since the drift is at right
jor ion species is effectively proportional to the square of its angles to the domain. However a zonal gradient in either the
concentration. Therefore, the lifetime does affect the merid-spatial distribution or the energy spectrum of the precipita-
ional profile of the plume, but it does not limit how far south tion will lead to effects which cannot be elucidated with a
the ionisation can extend. 2-D model.

One implication of this advection is that, while auroral
emissions are directly related to local production of ion-
electron pairs, they would appear to be difficult to relate di-
rectly to electron concentration and conductivity.

5.4 lonosphere-magnetosphere coupling considerations

A standard view of the magnetosphere-ionosphere (M-1) sys-
temin numerical models of the ionosphem@nsists of a mag-
netosphere that provides an ideal D.C. voltage source at the
upper boundary, while the ionosphere acts as a resistive load.
An alternate view of the magnetosphere is one that provides
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charges to the ionosphere through Birkeland currents typi5.5 The Cowling effect
cally carried by energetic electrons, in which case the iono-
sphere provides a cross-field potential drop that is consistenh partial Cowling effect is associated with the enhancement
with its integrated conductivity; that is, the magnetosphereof auroral electrojet currents. S&¥asuhara et ak1989 for
acts as an ideal current source. The former idealisation isin explanation of the application of the Cowling effect to
more common among ionospheric models, but the latter haguroral geometry and observational evidence. However this
also been used, e.g. lBichmond and Matsushitel975. effect is operative when a dynamo of atmospheric origin is
In both cases some magnetosphere inputs (energetic particenerating a westward electric field, and the ionosphere acts
precipitation, and either electric field or current density) areas a generator, rather than a load, in the 2-D (meridional) cur-
predicated without regard to the response of the ionospherggnt pattern. In this situation, those investigators find a par-
i.e. the M-I system is uncoupled. tially effective Cowling mechanism, where there is enough
In the problem considered here, however, either idealisedesistance to field aligned currents that a southward polari-
view appears to be quite inadequate. When we consider a resation field partially blocks the northward Hall current. The
gion of hard precipitation where a strong ambient perpendic-€lectric field is of order 10 mV mt.
ular electric field already exists, the precipitating currentden- The situation we are studying is one in which the mag-
sities become considerably smaller than the Birkeland curnetosphere is driving a field aligned current pattern in the
rents triggered by the ionosphere itself, i.e. by the E-regionmeridional plane. A¥asuhara et ahote, the Cowling effect
Pedersen conductivity gradients. would not be dominant in such a situation. But it has been
In the context of the electrodynamical calculations of the suggested, for example Bymm et al. (2008, that intense
type carried out in the present paper, the ionospheric paralhorizontal currents associated with aurorae could be the re-
lel electric fields and associated Birkeland currents can haveult of a Cowling mechanism.
two distinct origins. One source of ionospheric Birkeland Now, the magnetospheric dynamo in our geometry pro-
currents lies at the centre of the precipitation region, whereduces a zonal Hall current. This Hall current would have to
the perpendicular electric field set up by the decelerated prebe closed via field aligned currents into the magnetosphere
cipitating particles is very small, but conversely, the parallel at each end of the east-west arc. If there is resistance to this
field cannot vanish. For the case studied in the present pacurrent closure, then the possibility of a partial Cowling ef-
per, this contribution is not any more important than the al-fect with a different geometry is created. However the extra
ready small parallel current densities carried by the precipi-current which the magnetosphere is required to close in this
tating electrons. The second source of ionospheric currents isase is of measu# /L compared to the currents which it is
caused by the change in Pedersen conductivities introducedriving, whereW is the north-south width of the arc aridis
by the precipitating particles as they ionise the E-region. ltits east-west length, compared to a meaduf& when the
is associated with the couplet of upward and downward parzonal electrojet is driven by an atmospheric dynamo. There-
allel electron currents which must accompany perpendiculafore we do not think such a Cowling-type effect will be im-
ion motion. This strong source of parallel currents has beerportant in cases where the magnetospheric dynamo generates
shown here to be much more strongly antisymmetric thana strong electric field at right angles to an arc of precipitation.
anticipated by earlier work, e.floél et al.(2009, and to ex- We hope to extend our study to include a zonal component
tend to considerable distances from the precipitating regionof the electric field. In an extreme case, its value could be
owing to the advection of plasma in response to E-regionimplicitly coupled so as to eliminate the zonal current inte-
Pedersen drifts. Irrespective of this antisymmetry, we aregrated over the meridional plane. This would simulate the
looking here at the ionosphere as a source of parallel (Birkeeffect of an east-west polarisation field resulting from Hall
land) currents which is not in phase with the precipitating currents parallel to the arc that cannot be closed within the
currents and not even centred on the precipitating currentsmagnetosphere. A smaller value of the zonal field is proba-
This suggests that coupling of the M-I system may be essenbly more realistic Amm et al.(2008 note that a 3-D model
tial to a complete understanding of the electrodynamics ofshould be required in order to study the Cowling effect at
precipitation arcs. high latitudes, so there may be a limit to what we can obtain
It is also possible that the sudden onset of Birkeland cur-with a simple extension of the present 2-D study. However
rents resulting from ionospheric dynamics could be a sourcea zonal electric field component remains a priority for our
of Alfvén waves launched from the ionosphere. That is,future work.
transients in the 2-D meridional current system might arise
from temporal changes in the resistive load, as well as from
changes in the voltage source. A study of this mechanisn® Conclusions
would, however, require a different temporal resolution than
what we have used here. As a result of the present investigation we conclude that E-
region ionospheric conductivities in the auroral zone cannot
be derived directly from a local production-loss equilibrium
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or even from local time histories of the same; advection of an Electric Field “Spike”, J. Geophys. Res., 89(A5), 2971-2990,
charge carriers plays an essential role on any scale less than 1984.

about 150 km. Besides passing electric current, the conducFuller-Rowell, T. J.: A Two-Dimensional, High-Resolution,
tivity also convects itself. The conductivity of the E-regionis ~ Nested-Grid Model of the Thermosphere 2. Response of the
typically described by the three unique elements of its con- Thermosphere to Narrow and Broad Electrodynamic Features,
ductivity matrix. However, the full story is much more com- _ - G€0phys. Res., 90(A7), 65676586, 1985.

lex. requiring an aporeciation of the traiectory the ions takeFuIIer-RoweII, T.J., Rees, D., Quegan, S., Moffett, R. J., Codrescu,
PEx, q.w Ny . PP | y M. V., and Millward, G. H.: A coupled thermosphere-ionosphere
after their production.

. : . model (CTIM), Solar terrestrial energy program (STEP): Hand-
Two minutes constitutes a long time scale for some auroral  pook of ionospheric models, pp. 217-238, 1996.

activity; therefore the steady state may not necessarily conguller-Rowell, T. J., Millward, G. H., Richmond, A. D., and Co-
stitute a realistic way to study the electrodynamics of arcs. drescu, M. V.: Storm-time changes in the upper atmosphere at
However, we must stress that, even over a time period less low latitudes, J. Atmos. Solar-Terr. Phys., 64, 1383-1391, doi:
than 30 s, the advection of charge carriers has a strong effect S1364-6826(02)00101-3, 2002.
on the parallel currents and electron temperature associatédedin, A. E., Fleming, E. L., Manson, A. H., Schmidlin, F. J., Av-
with an arc of precipitation. In particular, the parallel cur- €7 S: K., Clark, R. R., Franke, S. J., Fraser, G. J., Tsuda, T,
rents are more distributed than expected from a simple con- V1ah F., and Vincent, R. A.. Empirical wind mode| for the up-

. - o . per, middle and lower atmosphere, J. Atmos. Terr. Phys., 58(13),
sideration of the precipitation boundaries, as they spread out

. . . . L. h 1421-1447, 1996.
in the direction of theE field over a characteristic distance Huba, J. D., Joyce, G., and Fedder, J. A.: Sami2 is another model of
of about 80 km.

the ionosphere (SAMI2): A new low-latitude ionosphere model,
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