
Average field-aligned ion velocity over the EISCAT

radars

Yamazaki, Y
1
., M.J. Kosch

1,2,3
, Y. Ogawa

4,5

Physics Dept., Lancaster University, Lancaster LA1 4YB, UK.

Now at GFZ German Research Centre for Geosciences, Potsdam, Germany (yamazaki@gfz-

potsdam.de)

1Department of Physics, Lancaster

University, Lancaster LA1 4YB, UK

2South African National Space Agency,

Hermanus 7200, South Africa

3University of Western Cape, Bellville

7535, South Africa

4National Institute of Polar Research,

Tachikawa 190-8518, Japan

5Department of Polar Science, School of

Multidisciplinary Sciences, SOKENDAI

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences
between this version and the Version of Record. Please cite this article as doi: 10.1002/2017JA023974

c⃝2017 American Geophysical Union. All Rights Reserved.



Abstract.

Long-term measurements by the European Incoherent Scatter (EISCAT)

radars at Tromsø (69.6◦N, 19.2◦E) and Svalbard (78.2◦N, 16.0◦E) are used

to determine the climatology of the field-aligned ion velocity in the F -region

ionosphere (175–475 km) at high latitudes. The average ion velocity is cal-

culated at various altitudes and times of day. The magnitude of the average

field-aligned ion velocity is on the order of 10 m/s, similar to previous re-

sults at middle and low latitudes. The results obtained for the two radars

are in good agreement. During daytime the direction of the average field-aligned

ion velocity changes from downward to upward around 350 km, while dur-

ing nighttime it is upward at all heights. The reversal height of the daytime

field-aligned ion velocity depends on solar activity. It is elevated by more than

100 km during high solar flux periods compared to low solar flux periods.

The Thermosphere Ionosphere Electrodynamics General Circulation Model

(TIE-GCM) reproduces the main features of the field-aligned ion velocity

climatology. The simulation results suggest that the plasma pressure gradi-

ent force and gravity force play a dominant role for the daytime field-aligned

ion motion. The height pattern of the field-aligned ion velocity tends to be

preserved in different solar activity conditions at constant pressure surfaces,

(Graduate University for Advanced

Studies), Tachikawa, 190-8518, Japan
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but not at constant altitudes, which explains the observed dependence on

solar activity. During nighttime, the effect of the neutral wind dominates the

field-aligned ion velocity.
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1. Introduction

The ion velocity is an important parameter to represent the dynamic state of the iono-

sphere. In the F -region ionosphere, the ion motion perpendicular to the geomagnetic field

can be approximated as follows [e.g., Richmond, 1995a]:

Vi⊥ =
E×B

B2
, (1)

whereVi is the ion velocity with the subscript ⊥ denoting the component perpendicular to

the geomagnetic field B, and E is the electric field. At high latitudes where the magnetic

inclination is large, the E×B drift governs the horizontal motion of the plasma, with the

typical magnitude of several 100 m/s [e.g., Ruohoniemi and Baker, 1998]. At middle and

low latitudes, the average ion drift velocity is much smaller, with the typical magnitude

of several 10 m/s [e.g., Blanc and Amayene, 1979; Buonsanto et al., 1993; Fejer, 1993;

Oliver et al., 1993]. The E×B drift plays an important role at the magnetic equator in

the vertical transport of plasma across the geomagnetic field [e.g., Fejer et al., 1979; 2008].

The climatology of the perpendicular ion velocity (Vi⊥) has been extensively studied for

the purpose of calculating the electric field for both mid-low latitudes [e.g., Richmond et

al., 1980, 1995a; Heelis and Coley, 1993] and high latitudes [e.g., Weimer, 1995, 2005;

Cousins and Shepherd, 2010].

The ion motion parallel to the geomagnetic field, on the other hand, can be derived

from the balance of these three forces: the ion-neutral frictional force,

F = miνin
(
Vi∥ −Un∥

)
, (2)

the gravity force,

G = −mig∥, (3)
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and the plasma pressure gradient force,

P =
k

Ne

∂

∂s
{Ne (Ti + Te)} . (4)

Here mi is the ion mass, νin is the ion-neutral collision frequency, Un∥ is the neutral wind

velocity in the geomagnetic field direction, g∥ is the gravitational acceleration along the

geomagnetic field, k is Boltzmann’s constant, Ne is the plasma density, s is the unit vector

in the geomagnetic field direction, and Ti and Te are the ion and electron temperatures,

respectively. The force balance leads to the following expression for the field-aligned ion

velocity [e.g., Dang et al., 2015]:

Vi∥ = Un∥ −
1

νin

[
−g∥ +

k

Nemi

∂

∂s
{Ne (Ti + Te)}

]
, (5)

The second term on the right-hand side is often referred to as the ambipolar diffusion

velocity (VD). That is,

Vi∥ = Un∥ −VD. (6)

At low and middle latitudes, the magnitude of the average field-aligned ion velocity is on

the order of 10 m/s [Fejer, 1993; Oliver et al., 1993].

Unlike the perpendicular ion velocity (Vi⊥), the climatology of the parallel ion veloc-

ity (Vi∥) has not been well studied. Fejer [1993] presented the seasonal climatology of

the field-aligned ion velocity at Arecibo (18.3◦N, 66.8◦W) for solar maximum and solar

minimum conditions. They noted a strong influence of solar activity on the field-aligned

ion velocity, but the mechanism was not addressed. In the present study, we examine

the climatology of the field-aligned ion velocity at high latitudes based on long-term data

from the European Incoherent Scatter (EISCAT) radars.
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Previous studies involving the EISCAT field-aligned ion velocity measurements focused

on strong upward ion flows (several 100 m/s) that are either naturally caused [e.g., Jones

et al., 1988; Winser et al., 1988; Wahlund et al., 1992; Fujii et al., 2002; Ogawa et

al., 2011; Cohen et al., 2015] or artificially induced by high-power high-frequency radio

waves [e.g., Kosch et al., 2010, 2014]. Such ion upflow “events” in the topside ionosphere

are possibly associated with the outflow of ionospheric ions to the magnetosphere [e.g.,

Norqvist et al., 1998; Wu et al., 2000; Coley et al., 2003], which is considered to be a

significant source of the magnetospheric plasma [e.g., Yau and André, 1997]. From this

perspective, a number of statistical studies have been conducted for large-velocity ion

upflow events based on EISCAT measurements. Ion upflow events are often defined by

the occurrence of an upward field-aligned ion velocity greater than an arbitrary threshold

value (typically 100 m/s) [Keating et al., 1990; Foster et al., 1998; Endo et al., 2000; Liu

et al., 2001; Buchert et al., 2004; Ogawa et al., 2009, 2011]. Unlike those studies, we do

not put an emphasis on large-velocity ion upflow events. Rather, we aim to determine

and understand the background, or climatological state of the field-aligned ion velocity

at high latitudes. Besides EISCAT radar data, we also use a first-principles model of the

upper atmosphere, the Thermosphere Ionosphere Electrodynamics General Circulation

Model (TIE-GCM), to facilitate the interpretation of the results.

2. Data and Model

2.1. Incoherent scatter radars

The EISCAT 930 MHz ultra-high-frequency (UHF) radar [Rishbeth and van Eyken,

1993] is located in Tromsø, Norway (69.6◦N, 19.2◦E). The radar site is in the auroral

region; the quasi-dipole latitude [Richmond, 1995b] is 67◦N. The radar operation started
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in 1981, and hence the UHF data now extend over 30 years [Ogawa et al., 2014]. The

ionospheric parameters Ne, Ti, Te, and Vi∥ are derived from the radar spectra using the

Grand Unified Incoherent Scatter Design and Analysis Package (GUISDAP) [Lehtinen

and Huuskonen, 1996]. The analysis is made with an integration time of 5 min, and

the ionospheric parameters are obtained for the height range 175–475 km. We use the

observations made in the geomagnetic field-parallel direction during 1981–2014.

We also use ion velocity measurements from the EISCAT Svalbard Radar (ESR)

[Wannberg et al., 1997], located at 78.2◦N, 16.0◦E, in Longyearbyen, Svalbard, Norway.

The quasi-dipole latitude is 76◦N, thus the radar is usually in the polar cap. The radar

data are obtained from the 42-m dish antenna that is fixed in the field-aligned position.

Radar operations with the 42-m dish antenna started in 1999. The ESR data during

1999–2014 are processed basically in the same way as the UHF data.

To give a brief overview of the radar data coverage, we present in Figure 1 monthly

averages of (a) Ne, (b) Ti, (c) Te, and (e) Vi∥ at 375 km altitude observed by the UHF

radar during daytime (0800–1600 LT) under quiet geomagnetic conditions (geomagnetic

activity index Kp≤2+). In Figures 1a–1c and 1e–1f, the red dots indicate the monthly

mean values with the error bars representing the standard deviation. The blue lines show

the least squares fit of the equation C = a+ bF10.7 to the monthly mean ionospheric data

(Ne, Ti, Te, or Vi∥), representing the solar cycle influence. Here, F10.7 is the monthly solar

activity index shown in Figure 1g, and a and b are the fitting coefficients evaluated for each

ionospheric parameter. The solar-cycle influence on Ne and Ti is clearly seen in Figures 1a

and 1b, which is well known from previous studies [e.g., Schunk and Sojka, 1982; Cai et

al., 2007; Ogawa et al., 2014]. The solar-cycle effect is less obvious in the Te data (Figure
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1e), but the tendency exists that the electron temperature is lower during solar maximum

than solar minimum. The lower electron temperature during solar maximum is considered

to be due to enhanced electron density, which increases the cooling rate of the electron

gas [Schunk and Nagy, 1978; Zhang and Holt, 2004]. In Figure 1d, the monthly mean

electron temperature is plotted as a function of month. A mathematical representation

of the seasonal variation in the form D =
2∑

k=0

{ak cos(kM/12) + bk sin(kM/12)} is also

shown, where M is the month, and ak and bk (k=0,1,2) are the fitting coefficients. It is

seen from Figures 1c and 1d that the seasonal effect dominates over the solar-cycle effect

in the month-to-month variability of Te.

Figure 1e reveals that the daytime field-aligned ion velocity at 375 km is under an

influence of solar activity. It can be seen that the monthly mean field-aligned ion motion

is often upward during solar minimum and downward during solar maximum. Figure

1f shows the same as Figure 1e but for the ESR data. The field-aligned ion velocity at

Svalbard depends on solar activity in a similar manner as the field-aligned ion velocity at

Tromsø. Large variability in the Vi∥ data can be inferred from the size of error bars. The

statistical significance of the solar-cycle effect on Vi∥ will be discussed later in Section 3.

2.2. TIE-GCM

The TIE-GCM is a physics-based model of the upper atmosphere, developed at the

National Center for Atmospheric Research (NCAR) [Richmond et al., 1992; Qian et al.,

2014]. We use version 2.0 of the model with the horizontal resolution of 5◦×5◦ in latitude

and longitude and the vertical resolution of half a scale height. The TIE-GCM solves

continuity, momentum, and energy equations for the coupled ionosphere-thermosphere

system [Dickinson et al., 1984; Roble et al., 1988] with electrodynamics calculated in a
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realistic geomagnetic field configuration [Richmond, 1995b]. The model uses a log-pressure

coordinate system, where constant-pressure surfaces are defined as Z=ln (P0/P ). Here, P

is the pressure in hPa and P0 is the reference pressure 5×10−7 hPa. The lower and upper

boundaries of the model are Z=-7 (∼97 km) and Z=7 (450–650 km depending on solar

activity), respectively. The geometric height is also calculated at each grid point in order

to enable direct comparison with EISCAT radar data.

The high-latitude electric field is prescribed using the empirical model by Heelis et

al. [1982] with the fixed hemispheric power of 20.6 GW and cross polar cap potential

of 35.8 kV, which represents a geomagnetically quiet condition roughly corresponding to

Kp=1+. The simulations are run for two solar activity conditions; one with F10.7=190

solar flux unit, or SFU (1 SFU = 10−22Wm−2Hz−1) and the other with F10.7=70 SFU,

representing high and low solar flux conditions, respectively. For each case, these four

seasonal conditions are considered: the December solstice with the day of year DoY=355,

the March equinox with DoY=80, the June solstice with DoY=172, and the September

equinox with DoY=264. All the simulations are run until a diurnally reproducible state is

established. Following Dang et al. [2015], the field-aligned ion velocity is computed using

Eq. (5) with the assumption of the dominance of atomic oxygen ions in the F -region

ionosphere.

3. Results

3.1. Field-aligned ion velocity climatology from EISCAT radars

We use the EISCAT radar measurements of the field-aligned ion velocity to determine

the climatology of Vi∥. The average field-aligned velocity was calculated at different

heights and different times of day using the corresponding data within the range of ±150
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m/s from the median value. The data outside this velocity range were excluded from

averaging in order to prevent a small number of strong upflow or downflow events from

dominating the results. The results we present in this paper are not sensitive to the choice

of this velocity range. A test we performed revealed that the Vi∥ climatologies derived

from the measurements within the range of ±150 m/s and ±500 m/s from the median

value are substantially the same.

Figures 2a and 2e show the average field-aligned ion velocity over Tromsø during 1981–

2014 for Kp≤2+ and Kp≥3− conditions, respectively. The results reveal that the direction

and magnitude of the average field-aligned ion velocity depend on UT and altitude. The

magnitude is typically on the order of 10 m/s. The UT-altitude pattern is consistent

between the lower and higher geomagnetic activity cases. For instance, during 0600–1600

UT (corresponding to 0700–1700 LT, thus daytime), the average field-aligned ion motion

is downward below 350 km or so, but it is upward at higher altitudes. During 2000–0200

UT (corresponding to 2100–0300 LT, thus nighttime), the average field-aligned ion motion

tends to be upward independent of height. The nighttime upward ion velocity increases

with increasing geomagnetic activity.

Figures 2b, 2c, and 2d display the distribution of the daytime Vi∥ between 12 and 13

UT for the lower geomagnetic activity case at 400, 300, 200 km, respectively. The best-fit

normal distribution curves are also shown. In each panel, the mean value (denoted as

ME), standard deviation (denoted as SD), and estimated 2σ error are indicated. The

data are often normally distributed, but sometimes skewed as in Figure 2b. The 2σ errors

are estimated as twice the standard deviation of the mean value using the bootstrap

method [Efron, 1981] with 3000 iterations. In theory, if the data distribution is normal,
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the 2σ error equals twice the standard error (=
SD√
n
, where n is the number of observations)

that corresponds to the 95% confidence interval. The 2σ error can be used to evaluate

the statistical significance of the results. For example, the altitude variation of Vi∥ is

a few tens of m/s at 12–13 UT for the lower geomagnetic activity case, which is much

greater than the 2σ error of ∼1 m/s presented in Figures 2b–2d. Figures 2f–2h are the

same as Figures 2b–2d but for the nighttime data between 22 and 23 UT for the higher

geomagnetic activity case. We noted that the variability of Vi∥ tends to be greater during

nighttime than daytime, and also tends to be greater for the higher geomagnetic activity

case than for the lower geomagnetic activity case.

Figure 3 shows the corresponding results for Svalbard. The UT-altitude patterns (Fig-

ures 3a and 3e) are similar to the Tromsø results (Figures 2a and 2e). That is, there is a

reversal in the direction of the average ion velocity from downward at lower altitudes to

upward at higher altitudes. Also, the ion motion is predominantly upward during night-

time. Buchert et al. [2004] reported that approximately 30% of the daytime ion upflow

event (>200 m/s), observed by the Svalbard radar, was accompanied by a significant

downflow (>20 m/s) at lower heights. Our results suggest that the diverging field-aligned

ion flow exists even in the background state.

A comparison of Figures 3b–3d with Figures 2b–2d reveals that the standard deviation

(SD) of the the daytime Vi∥ tends to be greater at Svalbard than at Tromsø, indicating

higher variability. This could be due to the higher occurrence rate of transient events in

the cusp region (thus at Svalbard), such as a flux transfer event that can cause an ion

upflow [Lockwood et al., 1988; Moen et al., 2004]. As seen in Figures 3b and 2b, the data
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distribution is slightly skewed toward the positive side in the topside ionosphere, which is

also consistent with the effect of ion upflows due to transient events.

Figure 4 depicts the seasonal dependence of the average field-aligned ion velocity at

(a–c) Tromsø and (g–i) Svalbard. As can be seen in the figure, the main characteristics of

the ion velocity climatology are largely the same for different seasons. Nevertheless, there

seem to be some systematic seasonal changes. For instance, the downward ion velocity

during daytime below 350 km is greater during the winter (November–February) than

during the summer (May–August). The nighttime upward ion velocity is greatest during

the summer (May–August) and least during the equinox (March, April, September and

October). These seasonal features are consistent at Tromsø and Svalbard. 2σ errors are

calculated in the same way described earlier and the results are shown in Figures 4d–4f

for Tromsø and in Figures 4j–4l for Svalbard. In either case, the average 2σ error is ∼2

m/s.

The solar-cycle influence is depicted in Figures 5a and 5b for Tromsø, and in Figures 5e

and 5f for Svalbard. The results are presented for high solar flux periods (daily F10.7>150

SFU) and low solar flux periods (daily F10.7<75 SFU). The corresponding 2σ errors can be

found in Figures 5c, 5d, 5g, and 5h. The average 2σ error is ∼2 m/s for both Tromsø and

Svalbard. However, we noted large variability of Vi∥ above 400 km for Tromsø and above

450 km for Svalbard for the lower solar activity case. Thus, the results at these altitudes

need to be interpreted with caution.

A strong influence of solar activity can be seen in Figures 5a, 5b, 5e, and 5f. The

solar activity effect is evident during daytime. That is, the altitude for the reversal from

downward to upward ion motion is much higher during the high solar flux periods. This
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leads to the solar-cycle change in the direction of the field-aligned ion velocity at 375

km as shown earlier in Figures 1e and 1f. The solar activity effect is not evident in the

nighttime data.

3.2. Field-aligned ion velocity climatology from the TIE-GCM

We show in Figure 6 the field-aligned ion velocity based on TIE-GCM simulations. The

model results are presented as the average of four seasonal runs, thus comparable with

the observations in Figures 5a, 5b, 5e, and 5f. (Figures S1 and S2 in the supporting

information show the TIE-GCM results for each season and each solar activity.) The

TIE-GCM reproduces well the UT-altitude pattern of the field-aligned ion velocity as

well as its solar activity dependence. The most significant difference between the model

and data is that the TIE-GCM field-aligned ion velocity during solar minimum is too

large above 350 km or so. In Figure 6, the scale range is limited from -40 to 40 m/s

to facilitate comparison with the radar results. The TIE-GCM field-aligned ion velocity

exceeds 200 m/s at 450 km during daytime. The overestimation of the field-aligned ion

velocity at high altitudes is partly due to the neglect of helium in our calculation of the

ion-neutral collision frequency. It is known that helium is an important neutral species

during solar minimum at high latitudes [Sutton et al., 2015]. According to our estimation,

however, the inclusion of helium would increase the ambipolar diffusion velocity only by

10% or so, which cannot fully explain the difference between the model and observations.

The model-data discrepancy is more likely due to the breakdown of the force-balance

assumption used in the calculation of the field-aligned ion velocity. As mentioned earlier,

Eq. (5) is based on the balance of ion-neutral frictional force, gravity force, and plasma
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pressure gradient force, neglecting other effects, such as the frictional force associated

with the field-aligned current.

4. Discussion

4.1. Solar activity dependence of the daytime field-aligned ion velocity

As described above, the altitude pattern of the daytime field-aligned ion velocity de-

pends on solar activity. That is, the reversal height from downward to upward ion motion

increases with increasing solar activity (Figures 5a, 5b, 5e, and 5f). Since the solar ac-

tivity effect is well reproduced by the TIE-GCM (Figure 6), we take a closer look at the

simulation results to provide insight into the mechanism. In what follows, our discussion

is based on the TIE-GCM results for Tromsø, although the argument holds for the Sval-

bard results as well. The TIE-GCM results for Svalbard are similar to the Tromsø results,

and therefore omitted to avoid repetition. It is also noted that the following discussion

does not apply to the regions above 400 km under solar minimum conditions where the

model-data discrepancy is particularly large.

The field-aligned ion velocity in the TIE-GCM is calculated assuming the balance of the

ion-neutral frictional force (F), gravity force (G), and plasma pressure gradient force (P).

Figures 7a and 7b illustrate the balance of these forces at the Tromsø location at 1200 LT

under high and low solar flux conditions, respectively. For the plasma pressure gradient

force P, the results derived from the Tromsø UHF radar measurements of Ne, Ti, and Te

are also presented by the dashed lines. The model-data agreement is remarkably good

above 200 km. Comparison of Figures 7a and 7b with the corresponding results in Figures

6a and 6b reveals that the height pattern of the daytime field-aligned ion velocity reflects

the height profile of P+G. Therefore, it can be interpreted that the daytime field-aligned
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ion motion is primarily driven by P+G, and the frictional force F arises to counterbalance

P+G.

The reversal height from downward to upward ion motion roughly corresponds to the

height where P+G equals 0. Since the gravity force G is independent of solar activity,

the solar activity dependence of the reversal height is attributable to the solar activity

dependence in P. The question now is why the height pattern of P depends on solar

activity.

The solar activity dependence of P is mainly due to the solar-cycle effect on the plasma

density profile. For simplicity, we consider the height of P=0, which corresponds to the

height of Ne peak in the F2 layer (or hmF2). The F2-peak height generally increases

with increasing solar activity [e.g., Buonsanto, 1990; Roininen et al., 2015], and it tends to

stay at a constant pressure level in the neutral atmosphere [Garriott and Rishbeth, 1969;

Rishbeth and Edwards, 1989]. The logic behind this is as follows. At F -region heights, the

plasma population is dominated by O+. The main production mechanism of O+ is the

photoionization of atomic oxygen O, while the main loss mechanism involves a reaction

with molecular species M. Accordingly, the plasma density tends to vary with the ratio of

the density of atomic oxygen to the density of molecular species, denoted here as [O]/[M].

On a constant pressure surface, the [O]/[M] ratio does not change with temperature,

although the height of the constant pressure surface can change. For example, during

high solar flux periods, enhanced solar heating leads to a thermal expansion of the neutral

atmosphere, causing constant pressure surfaces to rise in altitude. As a result, the entire

Ne profile shifts to higher altitudes during solar maximum compared to solar minimum.

Accordingly, P varies with solar activity in the altitude coordinate. In the pressure
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coordinate, on the other hand, the vertical profile of Ne tends to be preserved, and so

does P. To make this point clear, we show in Figure 8 the field-aligned ion velocity

climatology at Tromsø in the log-pressure coordinate system. The effect of solar activity

is much less prominent in comparison with the corresponding results in Figures 6a and

6b that are presented in the geometric height coordinate system.

4.2. Upward field-aligned ion motion during nighttime

Next, we consider the average field-aligned ion velocity during nighttime. In both

observations and simulations, the nighttime ion motion is mostly upward regardless of

height. The force balance of F, G, and P during nighttime is depicted in Figure 9 (see

also Figures 6a and 6b for the corresponding field-aligned ion velocity). The results reveal

that P+G is downward in a wide range of heights during nighttime, while the nighttime

Vi∥ is mainly upward. This is different from the daytime results where the height pattern

of Vi∥ agrees with the height pattern of P+G. The reason for this becomes clear when the

field-aligned ion velocity is divided into the contributions by neutral wind and ambipolar

diffusion (Eq. 6). It can be seen from Figure 10 that the effect of an upward field-aligned

neutral wind (30–40 m/s) dominates the field-aligned ion velocity during nighttime. Thus,

the ion-plasma frictional force F, induced by the neutral wind, is considered to be the

primary driver of the field-aligned ion motion during nighttime. The strong equatorward

wind is responsible for the upward field-aligned wind. The equator wind forces plasmas

upward along the geomagnetic field lines.

High-latitude neutral winds at F -region heights are sensitive to geomagnetic activity

[e.g., Aruliah et al., 1991; Föster et al., 2008]. In general, the wind speed increases with

geomagnetic activity owing to forcing by enhanced ion-drag and Joule heating. This ex-
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plains the geomagnetic activity dependence of the field-aligned ion velocity during night-

time shown in Figure 2.

5. Conclusions

We have examined the climatology of the field-aligned ion velocity based on long-term

measurements from the EISCAT radars at Tromsø (since 1981) and Svalbard (since 1999).

The main results of this study may be summarized as follows:

1. The direction and magnitude of the average field-aligned ion velocity depend on UT

and altitude.

2. The magnitude of the average field-aligned ion velocity is on the order of 10 m/s.

3. The field-aligned ion velocity climatologies derived for Tromsø and Svalbard are

largely consistent.

4. During daytime, the direction of the average field-aligned ion velocity reverses from

downward to upward around 350 km. The reversal height increases with solar activity.

5. The TIE-GCM reproduces the main features of the field-aligned ion velocity clima-

tology at high latitudes.

6. The TIE-GCM results suggest that the plasma pressure gradient force and gravity

force play a dominant role for the daytime field-aligned ion motion. The height pattern

of the plasma pressure gradient force varies with solar activity because it tends to be

preserved at constant plasma pressure surfaces, but not at constant altitudes. This is the

reason for the solar activity dependence of the daytime field-aligned ion velocity.
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7. During nighttime, the average field-aligned ion velocity is predominantly upward at

all heights from 175 to 475 km. The magnitude of the nighttime field-aligned ion velocity

increases with geomagnetic activity.

8. According to the TIE-GCM results, the ion-neutral frictional force induced by the

equatorward neutral wind plays a dominant role for the field-aligned ion motion during

nighttime.

9. There is significant model-data disagreement above 400 km under solar minimum

conditions, which requires more studies.
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Figure 1. Time series of (a) plasma density (Ne), (b) ion temperature (Ti), (c) electron temperature
(Te), and (e) field-aligned ion velocity (Vi∥, positive upward) at 375 km, obtained from the EISCAT

radar at Tromsø under geomagnetically quiet conditions (Kp≤2+) during 1981–2014. Shown are monthly
averages of the daytime measurements (0800–1600 LT). The error bars represent the standard deviation,
and the blue lines represent the least-squares fit of the function C = a + bF10.7 to the corresponding
ionospheric data (see text for details). (d) Seasonal variation of Te, with the least-squares fit of the

function D =

2∑
k=0

{ak cos(kM/12) + bk sin(kM/12)} (see text for details). (f) Same as (e) except for

Svalbard. (g) Monthly values of the F10.7 index.
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Figure 2. (a) The average field-aligned ion velocity (positive upward) at Tromsø during

1981–2014 as a function of UT and altitude for Kp≤2+. (b–d) The distribution of Vi∥ (positive

upward) between 12 and 13 UT for Kp≤2+ at 400, 300, and 200 km. (e) Same as (a) but for

Kp≥3−. (f–h) The distribution of Vi∥ (positive upward) between 22 and 23 UT for Kp≥3− at

400, 300, and 200 km. The average standard deviations are 29.7 and 34.7 m/s for (a) and (e),

respectively. The average 2σ errors are 1.26 and 1.78 m/s for (a) and (e), respectively.
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Figure 3. Same as Figure 2 except for Svalbard during 1999–2014. The average standard
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Figure 4. The dependence of the average field-aligned ion velocity (positive upward) on season

for (a–c) for Tromsø and (g–i) for Svalbard. 2σ errors are shown in (d–f) for Tromsø and in

(j–l) for Svalbard. The average standard deviations are 33.2, 28.7, and 21.1 m/s for (a), (b), and

(c), respectively; and 46.2, 35.0, and 27.1 m/s for (g), (h), and (i), respectively. The average 2σ

errors are 2.37, 1.89, and 2.01 m/s for (a), (b), and (c), respectively; and 2.39, 1.61, and 1.48

m/s for (g), (h), and (i), respectively.
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Figure 5. The dependence of the average field-aligned ion velocity (positive upward) on solar

activity (a, b) for Tromsø and (e, f) for Svalbard. 2σ errors are shown in (c, d) for Tromsø and (g,

h) for Svalbard. The average standard deviation is 21.7 and 35.5 m/s for (a) and (b), respectively;

and 34.1 and 38.7 m/s for (e) and (f), respectively. The average 2σ error is 1.83 and 3.14 m/s

for (a) and (b), respectively; and 2.44 and 2.02 for (e) and (f), respectively.
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Figure 6. The dependence of the TIE-GCM field-aligned ion velocity (positive upward) on

solar activity for (a, b) for Tromsø and (c, d) for Svalbard.
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Figure 7. Altitude profiles of the ion-neutral frictional force (F), gravity force (G), and plasma

pressure gradient force (P) at 1200 LT over Tromsø, derived from the TIE-GCM for (a) high and

(b) low solar flux conditions. The plasma pressure gradient force derived from the Tromsø radar

data is also indicated by the dashed lines.
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Figure 8. Same as Figures 6a and 6b except that the results are presented in the log-pressure

coordinate system.
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Figure 9. Same as Figure 7 except for 0000 LT.
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Figure 10. (a) The field-aligned neutral wind velocity (i.e., the field-aligned projection of

the horizontal wind) and (b) the ambipolar diffusion velocity over Tromsø, derived from the

TIE-GCM. The corresponding results for the field-aligned ion velocity can be found in Figure

6a.
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