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Abstract. A seasonally dependent total neutral wind model Although theE, layers have been extensively studied over
obtained from experimental data is used to evaluate the diurthe last five decades, some of their properties and their spo-
nal variation of the vertical ion velocity in the E-region at a radic character are not totally understood. It has been as-
high-latitude location (Tromsg), for each season, in the pressumed that the wind shear, which is the main factor of the
ence of an electric field with a typical diurnal variation for E; layers formation at middle latitudes (Whitehead, 1989),
quiet auroral days. The diurnal variation and spatial locationscannot be very effective at high-latitudes, due to the large
of the vertical convergence of ions are analyzed and the effednclination of the geomagnetic lines. Nygr et al. (1984)
of the total wind on the occurrence of sporadic E-layers is in-showed that when the electric field direction lies in the NW
ferred. The results show that the structure of the wind is ansector, ions would ascend at low altitudes and descend at
important factor in controlling the vertical velocities of ions, high altitudes, compressing the plasma into dense and thin
favoring or hindering the sporadic E-layer formation. The sheets at 120-125km. This mechanism is effective at high
ion convergence conditions are improved when the permalatitudes, because the values of the electric field are consider-
nent wind is removed, which suggests that sporadic E-layersbly higher. Kirkwood and von Zahn (1991) and Bristow and
occur when the mean wind has small values, thus allowingWatkins (1991) attributed the formation of layers at lower al-
the electric field and/or the semidiurnal tide to control the titudes to the dynamics of the ions under the action of a SW
ion dynamics. We conclude that for quiet days the formationoriented electric field. In this case, ions move downwards
of the sporadic layers is initiated by the electric field, while with decreasing velocities and accumulate at 90-100 km,
their evolution and dynamics is controlled by the wind. We where they are at rest, into thicker and less defskayers.
also find that the seasonal variation of thglayers cannot  On the other hand, some studies (Nggyr 1990; Mathews,
be related to the seasonally dependent wind shear. Althougth998; Kirkwood and von Zahn, 1993; Kirkwood, 1997) have
we focus on sporadic E-layers, our results can be used in thehown that the role of the wind in the formation of high al-
analysis of other processes involving the vertical dynamicgtitude E; layers should not be overruled. Along this line,
of ions in the E-region at high latitudes. Bristow and Watkins (1993) and Bedey and Watkins (1996)
have considered th&; generation in some particular cases
using models for the wind. A comprehensive study of high-
latitude E (Kirkwood and Nilsson, 2000) presents numeri-
cal simulations ofE layers resulting from the action of the
wind and the electric field, both separately and together, but
1 Introduction considering only the semidiurnal tide. Nevertheless, the real
atmosphere involves a mean invariable wind and a superpo-
Sporadic E ;) layers are thin layers of plasma whose densi- sition of irregular tidal winds, whose values, amplitudes or
ties are several times higher than the normal density of the Ephases are not always consistent with the models (Brekke et
region. They form at heights between 100-125km and havel., 1994). Despite the extensive studiesfpfgeneration at
a lifetime of one to several hours. Two types of layers canhigh latitudes, there is no sufficient evidence to clarify the
be observed at high latitudes: the “auroral” type, which arecontribution of each factor to the formation &f and what
thick (more than 10-15km) and are produced by precipitat-surrounding conditions are needed for one or the other mech-
ing particles, and the so-called “mid-latitude” tyfeg, which anism to prevail.
have high densities and whose thickness is less than 5 km. In

Keywords. lonosphere (Auroral ionosphere; lonosphere-
atmosphere interactions)

our study we will refer to the last type @& layers. The aim of this paper is to investigate the total wind con-
tribution to E; layer formation for quiet days in the presence
Correspondence tdvl. Voiculescu of a medium electric field, in order to obtain a more realis-

(Mirela.Voiculescu@ugal.ro) tic image of the wind’s role in thé& layers’ occurrence. To
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our knowledge, there are no studies referring to the relatiorwhereb=B/B is the geomagnetic unit vectdy, is the neutral

of high latitude E; with the total wind, which includes the wind, E is the total electric field (polarization plus external

tides and the background wind, in conjunction with the elec-field), N is the plasma densit®;, vi, m; andT; are the ion

tric field. Existing papers, either theoretical or experimental,gyrofrequency, the ion-neutral collision frequency, the ion

generally neglect the prevailing wind because the wind-sheamass and the ion temperature, respectively, &re; /v;,,.

mechanism is based on the tidal variability of the neutral mo-Sporadic E-layers are very narrow in the vertical direction

tion with the altitude. We will calculate the diurnal variation and have large horizontal dimensions, so that only the ver-

of vertical ion velocity in the presence of a total wind and tical component of the ion velocity will be considered, al-

estimate the effect of the background wind on the verticalthough Nygén et al. (1990) pointed out that horizontal trans-

motion of ions and, consequently, on the formation. The  port might sometimes have a decisive impact over the forma-

wind values, comprising the mean wind and all the tides, aretion time.

derived from data obtained by Brekke et al. (1994) from EIS- In a geographical coordinate system with the vertical z-

CAT measurements for TN, 19° E. axis positive upward and the x-axis to the east, the ion ve-
There are also other uncertainties that make Ehday- locity in the vertical direction, neglecting molecular and am-

ers a controversial subject. The physical reasons fozthe bipolar diffusion, will be given by:

layers’ diurnal and especially seasonal distributions are still

under debate. Dendg layers are observed much more of- V;, = rlﬁz [(1+ ,Bizsinzl) (UZ + ﬁEZ)

ten during late afternoon (local time) and, to a lesser extent, i

in the morning, than in the rest of the day (Turunen, 1976; +Bi (UE + m[ev; EE) cosl —

Kirkwood, 1997; Kirkwood and Nilsson, 2000). Polar cap — 2 (UN + e EN) sin/ cosl] ,

E, seem to have one night peak (Bedey and Watkins, 1998). o

The annual variation of; occurrence has a distinct peak

during summer, a lower one (less than 10% of the summeiyhere/ is the inclination of the geomagnetic field ling,
occurrence) during winter and a minimum at equinoxes (Tu-y/,,, U. and Eg, Ey and E. are the horizontal eastward,
runen, 1976; Bedey and Watkins, 1996; Kirkwood, 1997; horthward and vertical components of the wind, respectively,
Kirkwood and Nilsson, 2000; MacDougall et al., 2000). The of the external electric fields. The diffusion and the polar-
results of Brekke et al. (1994) show that the total wind variesization electric fields have been neglected here because for
with the season, so that the results presented in this papefieady-state conditions, these two terms contribute more to
give us the opportunity to verify whether the seasonal distri-the width, peak density and lifetime of the layer and less to
bution of E layers could be related to the seasonal variationjts formation. The diurnal evolution of the vertical dynam-
of the wind. Since there are no reports of seasonal variationgs of ions will be illustrated by calculating their velocities at
of the mean electric field, except for an increase during win-ajtitudes separated by 0.5 km, at a time step of 15 min.

ter (Kirkwood, 1997), the electric field diurnal variationisas-  The three geographical components of the total wind as a
sumed to be the same for each season. Since a large electfignetion of time (in hours) can be expressed as:

field (more than 30 mV/m) would most likely dominate the
wind effects on ions at high latitudes (Kirkwood, 1997; Kirk- Ug
wood and von Zahn, 1991; Bristow and Watkins, 1991), we
will focus in the present paper on the wind contribution and +U12€, N,zCOS(Zl—gf + ¢>12E,N,z)
ponS|der only the ;ltuatloqs when the electric field has a typ— +Usk. . -€OS %t + deE N
ical structure (during a quiet day) and average values. In this
paper we calculate only the vertical velocity of ions without +UsE, v, ;COS ZTHF + ¢6E,N,z)

going further to simulate th&; layer formation. Our discus-

sion refers taE, formation on the basis that poor/strong ion WhereUor v . are the mean velocities of the zonal, merid-
convergence means weak/dense number of layers, providé@nal and vertical mean winds, aidrg v ., and ¢, with

&)

2
N,z () =Uog, N, + U24E,N,zCOS(2—Zf + ¢>24E,N,z)

@)

that the metallic ion content remains unchanged. T=24,12, 8 and 6, are the amplitudes and, respectively, the
phases of the zonal, meridional and vertical components of
the tides.

2 Method We derived the values of the wind in the 95-125 km range

by means of a cubic spline interpolation of the experimen-
The ion velocity formula for one species of ions, where the tal values obtained by Brekke et al. (1994) for a number (4,

gravitational term is ignored, is (e.g. Kelley, 1989): 5 or 6, depending on the season) of fixed altitudes during
quiet auroral ionosphered(,<16). Using the ion velocity
V=L {U 4B (Uxb)+p%-U-b) — vectors measured by EISCAT at 69% latitude through 7
1+p] ! days in spring, summer and autumn and 3 days in winter,

_11:135 Bi [% + B; (% x b) + /31,21, . (% . b)] 1) they calcule_tted thg background wind and the amplitudes and
phases of tides with periods of 24, 12, 8 and 6 h. The cubic
~|—%Qf [E + Bi (E x b) + ﬂizb -(E - b)], spline is a curve defined by a set of three order polynomials,

i
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Fig. 1. Diurnal variation of the wind components for spring, summer, fall and winter. The spacing interval between lines is 20 m/s for the
horizontal components and 5 m/s for the vertical component. Continuous lines for positive (eastward, northward, up) values, dotted lines for
negative values (in spring and winter the lowest height where data were available was 101 km).

where every adjoining pair of points is connected by a dif- The collision frequency is (Banks and Kockarts, 1973):
ferent 3-order polynomial. It can be applied when average
values are demanded and when the data points are well sep- 1.80 1.83
arated, as_they are in our case. The driving criteria are th_a in = [m NN, + m 1o,
the curve is smooth and that it passes through every point
(Borse, 1997), which holds in our study, since winds cannot
change too abruptly with increasing altitude. The results for 091 ] 10-14
o . . . ) ——— 10 , (4)

the meridional, zonal and vertical wind are displayed in the JVA(A+16)
form of contour plots in Fig. 1 for spring, summer, fall and
winter. These are the wind values that will be used to eStiwhere the neutral densities O&,\DZ and O are taken from
mate the evolution of the vertical ion velocity in time. the MSIS-90 (Hedin, 1991) model run for January, April,

The meridional, zonal and vertical components of the elec-July, October, day 15, 12:00 UT, for 7Dl and where the ion
tric field were obtained by averaging the data from Brekke etatomic mass is considered A=56 (Fe), keeping in mind that
al. (1994) and Kirkwood (1997), which are representative forthe sporadic E-layers’ ionic composition is mainly metallic.
the variation of the electric field during quiet days. We have The difference in neutral densities between night and day at
used electric field data from these two sources in order tahese altitudes causes a very small variation of the ion-neutral
gain a more general picture of the effect of the wind on thecollision frequency. Note that the inclusion of a small per-
ion convergence. Their time dependence over 24 h is plottedentage of molecular ions would not essentially modify the
in Fig. 2. collision frequency.
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Electric field diurnal variation The vertical dynamics of ions under the action of the wind
‘ ‘ ‘ ‘ when the electric field is neglected can be seen in Fig. 4. The
15} 1 vertical convergence seems to be effective in all seasons ex-
cept for spring, when the “convergent” zero line descends
almost as fast as in the previous case. The structure of the
wind favors the accumulation of ions in the morning and late
afternoon in summer and fall, but the velocities are rather
small. The layers, if formed, would be thick and with low
peak densities. On the other hand, their dynamics would
o) E be closer to what we know abo#t, vertical movement, i.e.
they reside for a while at the altitude where they have formed
or descend slowly (Turunen, 1976; Kirkwood; 1997; Kirk-
3 3 12 16 20 2 wood and Nilsson, 2000). When only the wind is present,
Time [h] thin layers could form during winter mornings and after-
noons around 110-115km, when our results show that the
vertical velocities are large enough. An interesting aspect is
the upward slope of the convergence line between 14 h and
18 h in wintertime, which could account for the observations
of some ascending sporadic E-layers (Kirkwood, 1997, Tu-

NO WIND runen et al., 1993). An overall conclusion is that the structure
o R of the wind favors the vertical accumulation of ions (hori-
zontal or slow descending convergence lines) but, except for
winter, their vertical movements are very slow. This means
that dense and thin layers could not form under the action of
the total wind.

Figure 5 summarizes the results when both electric field
and wind are included. A first common characteristic is
the afternoon-evening zero line starting around 120 km at
16 h, providing conditions for effective ion accumulation in
each season. The altitudes where metallic ions could con-

20
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Electric field [mV/m]

Fig. 2. Electric field components diurnal variation&:y (merid-
ional): dotted,Efr (zonal): dash-dottedk, (vertical): continuous
line.
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100} ] verge vary between 110 and 125km, higher for afternoon
and lower for later hours. Due to the inclusion of the elec-
95 ‘ ‘ ‘ ‘ tric field, whose values are large between 16 and 24 LT, the
0 4 12 16 20 24 .y . . . . .
Time [h] velocities of ions increase appreciably. The vertical profiles

found in Fig. 4 are, generally, maintained.
Fig. 3. Vertical velocity field for ions in the presence of the electric ~ The spring plot shows no other favorable time far oc-
field; spacing interval 5 m/s. Continuous/dotted lines represent poscurrence, while in fall the layers could form around 105 km
itive/negative velocities, corresponding to upward/downward move-during nights. In summer there is a zero line around 115 km,
ment. Zero lines are thickened. residing from the early morning hours until midday, but the
downward velocities above this line are small and beneath
this altitude the ions seem to be at rest, meaning fhat
3 Results and discussions layers that could form would be thick and weak. However,
an increase of the downward ion velocity in this time in-
We start by neglecting the wind and show in Fig. 3 the di- terval enhances the probability of layer formation. Propi-
urnal variation of the vertical velocity of ions under the ac- tious conditions for the ion convergence in the pre-noon sec-
tion of the electric field. Sporadic E-layers could form be- tor at altitudes of 110-115 km are observed, again in winter.
tween 19.00-20.00 LT, but the convergent zero line descend$his agrees with the experimental observations showing that
very fast. By convergent zero line we mean the line connectmany of the wintelt layers form in the mornings at higher
ing those pointsz., where the ions have zero velocities and altitudes, after which they descend and merge into a unique
(dv;./d2),. is negative. If formed, the layer would descend layer around noon (Kirkwood, 1997; Kirkwood and Nilsson,
with a velocity of 20-25 km/h, a value that has no counter-2000). While the formation and descent of the initial layers
part in the experimental data. Around local midnight, the can be interpreted as a result of the descending zero line be-
downward motion of ions could result in layers at 105 km, tween 6 h and 10 h, the broad winter noon layers found by
but these would probably be thick, since ions are at rest oveKirkwood (1991) have no counterpart in the dynamics of the
a range of more than 10km. Thus, an electric field havingions. According to our results, low altitude layers, which
a typical quiet diurnal variation could form a layer, but its form a large part of the observet events, have no dynam-
dynamics would not be consistent with the observations. ical conditions to form.
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Fig. 4. Vertical velocity field resulting from the action of the wind ~ Fig. 5. Vertical velocity field in the presence of both wind and elec-
for spring, summer, fall and winter; the same plot details as in thetric field for spring, summer, fall and winter; the same plot details
previous figures. as in the previous figures.
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A comparison between Figs. 3 and 4, and, respectively, gz
5, reveals that in the lower E-region, the profiles are shaped_. 1*°/
by the wind during the entire day. The contribution of the €115
electric field in this region is seen in the slight modification 3
of the velocities. In the upper part this observation still holds, <
but the role of the electric field is definitely more important ‘ _ j° N
not only in the increase of the absolute values of velocities, 0 4 8 12 16 20 24 0 4 8 12 16 20 24
but also in shaping the altitude-time profiles. FALL, U =0 WINTER, U, =0

Figures 1 and 2 show that both the wind and the electric 125;;_ LA\ T WX
field have a structure that favors the vertical convergence of ¢
ions in each season’s afternoon. The zonal wind structures
shows an EW (east below, west above) wind shear, Which;j o
could form sporadic E-layers (Whitehead, 1989). The elec- < 100(J: T 100
tric field has a NW orientation favorable to the high-latitude 950 SIS 95
E, formation (Nygén et al., 1984). The examination of the 04 et O e
velocity profiles depicted in Fig. 5 shows that, if formed, the
layer would descend with about 2km/h. Note that this valuegig g vertical velocity field when the background wind is removed
is close to the downward velocity of a layer produced by afor each of the four seasons; the same plot details as in the previous
12-h tide found by Kirkwood and Nilsson (2000) in their nu- figures.
merical simulations. However, the wind alone would not be
effective in the formation of the layer, as one can see in Fig. 4.

These observations suggest that both factors have to be cofathews, 1998; Kirkwood and Nilsson, 2000). Our results
sidered when analyzing the evolution of thelayer, each of  show that, for the given structure of the wind, the dynamics
them contributing differently to the formation and evolution of jons could not result in the formation of layers at low alti-
of the ES |ayel’. The electric field seems to be I’eSponSib|etudeS' where a |arge part of tm |ayers’ are observed. This
for the effective convergence of the ionS, thus for the initial- conclusion Supports the Suggestion that one of the factors re-
ization of the Iayer formation at hlgh altitudes, whereas thesponsib|e for thel_il‘s |ayers absence during the appropriate
wind controls its dynamics after the formation. The impor- direction of the electric field might be an opposing wind (Ny-
tance of the wind is endorsed by the fact that although thegren, 1990; Mathews, 1998; Kirkwood and Nilsson, 2000).
eleCtl’iC f|e|d diumal Variation iS the same, the Conditions forsince a semidiurnal tide has been found to be effective in the
ion accumulations differ from season to season. formation of E, layers, we removed the background wind
Studies ofE; occurrence in connection with electric fields and plotted the diurnal variation of the resulting vertical ve-
found that layers were absent during favorable electric fieldlocity of ions in Fig. 6. The noticeable increase of velocities
conditions (e.g. Nygm, 1989; Bristow and Watkins, 1993; seen in this case is equivalent to an increased probability of

105
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E layer formation. Moreover, the convergence conditions4 Conclusions

are also improved at low altitude levels. We conclude that

occurrence at low altitudes is possib]e on|y if the backgroundWhen both electric field and total wind are considered for a
wind is noticeably diminished, allowing the electric field or location at 70N, 19° E , sporadic E-layers could occur dur-
the 12-h tide to control the ions at low altitudes. The compar-ing afternoon and evening hours at high altitudes, regardless
ison between the vertical velocities of the ions in the presenc®f the season. The dynamical conditions required for the for-
of the mean wind with those obtained after excluding it Sug_mation of E Iayers are not fulfilled at low altitudes, where

gests that the background wind impedes the formatiafi,of ~the majority of layers have been experimentally observed.
layers. According to our results, the sporadic layers are produced by

. S ... an electric field with the appropriate orientation, while their
Certainly, our results have limitations and are affected with . . .
dynamics is controlled by the wind structure. The most in-

errors. Keeping in mind that we consider only days when the_? ™ : ) :
S . triguing result is that in summer, when the maximum#yf
electric field has mean values and no fluctuations, a rough es-

e " . activity is recorded, the ion accumulation is not very effi-
timation shows that the velocities would vary with 3-5m/s at cient. especially below 115 km. When the backaround wind
higher altitudes and 10-15 m/s at low altitudes. Accordingly, » €SP y i 9

the change in the convergence heights would be of 1-2k is removed, the dynamical conditions for the formatiorkgf

close to those points where the velocity gradient is the high_ayer§ are |m_prove_d, especially in the lower E region. Th_e
o . . : velocity gradients increase at all altitudes, meaning that in
est, specifically, in the upper part of the E-region during the , - .
. : . this caseFE; could form easier. We conclude that the prob-
second part of the day. At low altitudes and/or during mid- _, :. .
S : . ability of dense layers to occur is greatly reduced when the
day the variation would be larger, reaching 7-10 km in those -
. . ackground wind is significant.
regions where the ions move very slow. In the absence o . . -
. - The experimentally observed diurnal variation of the
the background wind, the velocities and, consequently, thq

. . ayers occurrence is in phase with the ion vertical conver-
convergence heights, are less affected, due to the increase | ) . . .
. . . i .~ gence under the combined action of the wind and the electric
the vertical gradient of the velocity both at high and low alti-

field. The evening maximum of; could be explained by
tudes. : . . .
the existence of vertical convergence of ions during the same

For all four seasons, the vertical convergence of ions injnterval. On the other hand, our calculations show that the
the afternoor-evening interval can be correlated with the seasonal variation of the wind shear cannot be responsible
evening maximum in the diurnal distribution @, layers  for the E; morphology. Some of the characteristics of the
found in ionosonde (Turunen, 1976) and ISR (Kirkwood, £, seasonal variation can be identified in our results, while
1997) observations. Moreover, the shape of the descentbthers do not agree with the experimental findings. Since
ing convergence lines, which start and reside for some timgon accumulation conditions do not have the expected sea-
around 120km, confirms the results of the same authorssonal variation and given that no other force is yet known
which indicate that the mean heights of afternoon Es layergo contribute to the sporadic layer formation, we support the
are the highest of all day. suggestion that the seasonal variationEgfmight originate

Some features of th&; morphology can be recognized in a related variation of the metallic ion content, collision
in the seasonal variation of the ion convergence conditionsfrequency and/or chemical reactions.
but they are few and unconvincing. The lack of conditions \We are aware of the fact that our results refer to averaged
during Spring and the increased posgb”ﬂy@f formation conditions and that the wind calculations are affected by er-
during summer and winter correspond to the absendg,of rors generated by the relatively small number of measure-
|ayers during Spring and to the maximization Bf occur- ments and by interpolation. Furthermore, hlgh latitude days
rence during summer. In opposition, the fall minimum and are not regularly quiet. However, the different profiles of the
the lower maximum in winter of thé, activity cannot be  ion velocity obtained for the four seasons, for the same elec-
exp|ained by the seasonal variation of the convergence Corﬂ'iC field, and the modifications in the ion velocities induced
ditions. More, evening layers in fall are equally probable asby changes in the structure of the wind confirm that winds,
in summer at the same height. Although the diurnal varia-particularly their invariable component, should be considered
tion of the vertical ion velocity changes from spring to win- as an important factor in the occurrencetflayers at high
ter, the differences between seasons are small and, besiddatitudes.
not in phase with the observed seasonal characteristics of The diurnal variation of the vertical velocity of the ions
the E, occurrence. Our calculations support the hypothesigvhich were obtained were used in the present paper to infer
that the summer maximum @, activity could be connected the contribution of the wind relative to the electric field, to
to the seasonal variation of the metallic ion content (Bedeythe formation and evolution of sporadic E-layers. We em-
and Watkins, 1997) or to the seasonal variation of the neuPhasize that our results could be analyzed with respect to any
tral components and/or chemical rates, which, in turn, wouldother process that takes place in the high-latitude E-region
modify the collision frequency (Mathews, 1998; Kirkwood and involves the vertical dynamics of ions.
and Nilsson, 2000). Experimental results and theoretical in-
vestigations are needed, however, to confirm which of these
theories could account for thig; morphology.
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