An ion drag contribution to the lower thermospheric wind in the summer polar region
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Abstract

  Using the European incoherent scatter (EISCAT) Svalbard radar located in Longyearbyen
(78.2° N, 16.0° E) and with the EISCAT UHF radar located in Tromsø (69.6° N, 19.2° E),
we have analyzed the data obtained for six consecutive days from 1000 UT on 1 July 1999 to 1000 UT on 7 July 1999 to investigate the importance of ion drag on the lower thermospheric wind dynamics in the summer polar region. The electric field observed at Longyearbyen exhibited a stable diurnal variation primarily occurring throughout the first three days of observations, while during the latter three days the diurnal variation was not clearly identified. The electric field observed at Tromsø did not exhibit such a stable variation. On the basis of the difference of the electric field variation observed at Longyearbyen, we divided the data sets into two intervals with a length of three days each. We compared the horizontal velocities of the ions and the neutral gases. At upper heights (~110-120 km) on the first three days, the difference between the ion and neutral motion was clearly identified at Longyearbyen, while it was not at Tromsø. We compared the diurnal tidal amplitudes and phases of the two intervals derived from the Longyearbyen data. The amplitude of the meridional diurnal tide for the first three days was larger than that of the latter three days over the height region between 100 and 118 km at Longyearbyen. Furthermore, we compared ion drag accelerations with total accelerations. We concluded that the ion drag played an important role in the diurnal amplitude at Longyearbyen on the first three days of the observations. In addition, we compared the NCAR Thermosphere-Ionosphere-Mesosphere-Electrodynamics general circulation model (TIME-GCM) predictions with the observations. The TIME-GCM predictions also indicated that the diurnal tide is influenced by the convection electric field.
1. Introduction

  The magnetospheric convection caused by the solar wind induces the convection electric field in the polar ionosphere. The Lorentz force (J(B) resulting from the electric and magnetic fields in the ionosphere drives the ions and the electrons into motion. Thermospheric winds at high latitudes are strongly influenced by collisions with the ions that are rapidly drifting in the electric and magnetic fields. This process plays an important role in the transfer of energy and momentum from the magnetosphere to the polar thermosphere. The neutral atmosphere also plays an important role. For example, the neutral winds can generate the electric field in the ionosphere through the neutral drag process. This is known as an ionospheric wind dynamo mechanism. This mechanism can influence the magnetospheric convection [e.g., Ridley et al., 2003]. Our understanding of the lower thermospheric wind at high latitude is, however, still limited [see Nozawa et al., 2005, and references therein]. In particular, there is not much published literature that has focused on the lower thermospheric winds at higher latitudes (> 70° N) in the northern hemisphere, although the European incoherent scatter (EISCAT) Svalbard Radar (ESR) located at Longyearbyen (78.2° N, 16.0° E, 75.2° N invariant latitude) [Wannberg et al., 1997] has been in operation for about 10 years.

  The equation of motion for the neutral gases in the thermosphere can be written as follows [see, e.g., Maeda et al., 1999]:
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where u is the neutral wind velocity, Ω is the angular velocity of the Earth rotation vector, P is the total pressure tensor, (n is the atmospheric mass density, J is the current density, B is the magnetic field, ( is the viscosity coefficient, and g is the acceleration due to gravity. The horizontal motion of neutral gases is influenced by several forces: the Coriolis force (Ω(u), the pressure gradient force ((•P), the Lorentz force (equivalent to the ion drag force) (J(B), and the viscosity force ((((2u/(2z)). The balance of these forces is not well understood in the lower thermosphere. Maeda et al. [1999] investigated the momentum balance of dayside E region neutral winds during geomagnetically quiet summer days by using EISCAT radar data obtained at Tromsø (69.6° N, 19.2° E; 66.5° N invariant latitude) [Folkestad et al., 1983]. They calculated the individual terms in (1) and compared them. They showed that the relative importance of the individual terms varied with altitude and that the magnitude of the ion drag force was only ~7 % of the Coriolis force at 119 km.
  Zhu et al. [2005] presented the microscopic and macroscopic formulae of the ion drag. The microscopic collision term is expressed based on the velocity differences between the ions and neutrals. The ion drag force to the neutrals equals the inverse neutral drag force to the ions, due to the law of action and reaction. This relation is expressed as:
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where (i is the mass density of the ions, (ni is the neutral-ion collision frequency, (in is the ion-neutral collision frequency, and vActual is the ion velocity that consists of the gyro motion and the bulk motion. The right-hand side of equation (2) is the ion drag term and the left-hand side is the neutral drag term. Thus the neutrals and ions transfer their momentums to each other. However, in order to derive the macroscopic formula, Zhu et al. [2005] applied the momentum equation for the neutral atmosphere as:
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Here Zhu et al. [2005] neglected the Coriolis force and the viscous force. It is considered that J(B is the macroscopic drag imposed on neutral fluid. In other words, the macroscopic collision term is presented as J(B due to the Lorentz force. In our EISCAT radar observations, we observe the bulk ion velocity (v). Thus, we should use J(B rather than (i(in (vActual - u) to calculate ion drag force. It should be noted that, however, assuming the electron-neutral collision frequency is neglected, J(B can be expressed as (i(in (v - u) (see Appendix).
  The ion drag force is strongly dependent on the geomagnetic conditions as well as on the altitude. Consequently, the relative importance of the ion drag force among the forces in equation (1) varies with the geomagnetic activity and the altitude. The ion drag force can cause the neutral gases to accelerate the ion velocity forward but with a typical time lag of a few hours in the thermosphere. In the Earth’s atmosphere, the neutral mass density ((n) decreases with increasing altitude. In equation (1) it is clear that the ion drag effect working on the unit mass of neutrals (J(B/(n) is stronger at higher altitudes. In the polar F region, model predictions [Killeen and Roble, 1984] and satellite measurements [Killeen et al., 1988] have shown that there is a general agreement between the neutral wind velocity and the ion velocity, indicating the importance of the ion drag effect [see also Richmond et al., 2003, and references therein]. However, in the lower thermosphere, the ion density (< ~5(1011 m-3) is much smaller than the neutral density (1017-1018 m-3), and thus it is a question of whether or not the ions are able to drive neutrals. Moreover, the ion drag effect depends on the electric field and the electron density. The strength of the ion drag force increases when the strong electric field is imposed on the polar ionosphere and the particle precipitation enhances the electron density in the ionosphere. 
  Our understanding of the ion drag effect on the neutral wind dynamics is still limited, particularly in the polar lower thermosphere. Nozawa and Brekke [1995] studied the dependence of the lower thermospheric mean winds and tides on geomagnetic activity using 35 days of data sets obtained by the EISCAT UHF radar at Tromsø. They showed that the diurnal amplitude of the convection electric field for the higher geomagnetic activity period was larger than that for the lower geomagnetic activity period, and the diurnal tidal amplitude, above 109 km, for the higher geomagnetic activity period was larger than that for the lower activity period. They suggested that this difference of the diurnal tidal amplitudes could be caused by the ion drag effect. Richmond et al. [2003] statistically investigated the dependence of the lower thermospheric winds at high southern latitudes on interplanetary magnetic field (IMF)-dependent ionospheric convection. They analyzed 38 days of wind data in the summer of 1992-1993 obtained from Wind Imaging Interferometer (WINDII) on the Upper Atmosphere Research Satellite (UARS). They showed that the effects of the IMF were detectable down to 105 km. Nozawa et al. [2005] analyzed eight consecutive days of wind data obtained from 11 to 19 November 2003 by the EISCAT UHF radar at Tromsø and the ESR at Longyearbyen. They evaluated the importance of the ion drag effect on the neutral wind dynamics in the lower thermosphere in winter. They demonstrated that the ion drag effect of the neutral wind was generally negligible below 107 km at Tromsø and below 118 km at Longyearbyen during the period, but significant ion drag effect was found above these heights.

  An extended Tidal/AGW (Atmospheric Gravity Wave) Experiment was conducted by utilizing the ESR and the EISCAT UHF radar from 1 to 9 July 1999. In this experiment, the two EISCAT radars operated for eight consecutive days, from 1000 UT on 1 July to 1600 UT on 9 July 1999, in a beam-swinging mode (CP 2 mode) [Collis, 1995]. From these data sets we derived the ion velocities, the convection electric fields, the lower thermospheric wind velocities, and the ion drag acceleration values. The purpose of this paper is to evaluate the importance of the ion drag in the summer lower thermosphere at northern high latitudes. In section 2, we give an overview of the data sets used in this study, and we present variations of the electric fields observed at the two sites. In section 3, first we present the F region ion flow patterns under the two different conditions of whether the electric field at Longyearbyen exhibited a clear diurnal variation or not. Second, in order to highlight the differences of the motions of the ions and neutrals in the lower thermosphere, we present the ion velocities as well as the neutral winds under the two different conditions. Third, we present the diurnal tidal component derived from the Longyearbyen data to evaluate the ion drag effect in the lower thermosphere in the summer polar cap. In section 4, we discuss the importance of the ion drag contribution to the neutral wind dynamics and compare observational results with the model predictions of the National Center for Atmospheric Research (NCAR) Thermosphere Ionosphere Mesosphere Electrodynamic General Circulation Model (TIME-GCM) [Roble and Ridley, 1994]. Section 5 presents our summary and conclusions.

2. Data overview

  Figure 1 shows time-altitude variations of the electron densities between 90 and 130 km obtained with the ESR (top) at Longyearbyen and the EISCAT UHF radar (bottom) at Tromsø from 1000 UT on 1 July to 1000 UT on 7 July 1999. From Figure 1, one can identify the following: (1) the data coverage was good at Longyearbyen, (2) a clear day-night variation of the electron density caused by the solar radiation was found at the both sites, (3) enhancements due to particle precipitation were not prominent at Longyearbyen while they were seen on occasion during the night hours (~20-02 UT: ~21-03LT) at Tromsø. Concerning (1), the data of the EISCAT UHF radar were not available between 1000 UT and 1530 UT on 1 July due to a malfunction of the receiver, and between 0000 UT and 0600 UT on 3 July due to a data transfer problem. Table 1 summarizes the daily Ap index and the 10.7-cm solar radio flux (F10.7) index (in units of 1022 W m-2 Hz-1) from 1 to 7 July 1999. The Ap index values were smaller than 10 except for that of 2 July (Ap = 26). The F10.7 indices for 1 to 4 July (~192- 203) were slightly higher than those for 5 to 7 July (164-180), but no significant difference of the electron density due to the day-to-day F10.7 variation was detected at both sites.
  The radar operations at both sites were made in a so-called CP 2 mode (the beam-swinging mode) from which we can derive 3-D ion velocity vectors from ~90 km to ~600 km. Typical gate separations (height resolutions) were ~3-4 km in the E region at both sites, and they were ~22 km at Tromsø and ~20-30 km between 200 and 300 km at Longyearbyen. In the CP 2 mode, the line of sight of the combined transmitter and receiver antenna was pointed at four consecutive positions, including one field-aligned position, with a dwell time of ~1 min and ~2 min in each position, making a six-minute and ten-minute full-cycle time of the antennas at Tromsø and Longyearbyen, respectively. We noticed that above ~200 km in the F region, the ion-neutral collision frequency is much smaller than the ion gyrofrequency. The electric field (E) can be obtained as:
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where vF is the (bulk) ion velocity in the F region, and B is the geomagnetic field calculated from the International Geomagnetic Reference Field (IGRF-00) model [http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html]. In this study, we used the ion velocities at 288 km at Longyearbyen and 281 km at Tromsø as the ion velocities in the F region (vF). Here we assume that the magnetic field-aligned electric field (E//) does not exist.

  Figure 2 represents temporal variations of the electric fields in the meridional and zonal components observed at Longyearbyen (top) and Tromsø (bottom) from 1000 UT on 1 July 1999 to 1000 UT on 7 July 1999. The temporal resolutions are ten minutes with the Longyearbeyn data and six minutes with the Tromsø data. Associated error values are about ~1 mV m-1 on average. For the first three days, clear diurnal variations of the electric field were identified in the meridional and zonal components at Longyearbyen, whereas for the next three days no clear diurnal variations were found at Longyearbyen. In contrast, diurnal variations of the electric field lasting for a few days were not seen over the entire observational period at Tromsø. The strengths of the electric fields were less than ~10 mV m-1 for most of the time, except on 2 July at Tromsø. As mentioned above, due to the large difference of the density between the ions and neutrals, it takes some time (~3 hours or longer, see Nozawa and Brekke [1995]) for the ions to drive neutrals in motion. In other words, the electric field that varies quickly with time cannot be an important source of the momentum transfer to the neutral gases. Thus, in order to evaluate the importance of the ion drag, a stable variation of the electric field is desired. In this sense, the data set obtained by ESR provides a good opportunity to evaluate the importance of the ion drag to the neutrals, while it is difficult with the Tromsø data. Therefore, when we evaluate the ion drag importance in sections 3.3, 4.1, and 4.2, we focus on the Longyearbyen data.

3. Results

  On the basis of the strength of the diurnal variation of the convection electric field at Longyearbyen, we divided the data sets into two intervals. One is the data set obtained from 1000 UT on 1 July to 1000 UT on 4 July (hereafter referred to as the “active period”), the other the data set from 1000 UT on 4 July to 1000 UT on 7 July (the “quiet period”). In this section, we present features of the F region ion flows, the E region ion flows as well as the lower thermospheric winds at high latitudes, and then we highlight the differences of the ion flows and winds for the active and quiet periods. Furthermore, we derived diurnal tidal amplitudes and phases from the Longyearbyen data for the active and quiet periods and compare them in order to investigate the difference due to the ion drag effect.

3. 1. Ion convection in the F region

  Figures 3a and 3b show polar plots of the averaged ion velocities in the F region, 288 km at  Longyearbyen and 281 km at Tromsø, as a function of geographic latitude-local time for the active and quiet periods, respectively. The ion velocities were averaged for the active and quiet periods (three days each) using bins of one hour. Associated error values are ~10-30 m s-1. At both Longyearbyen and Tromsø, local time (LT) is one hour ahead of Universal time (UT); LT = UT + 1 hour. As shown in Figure 3a, the ion flows at Longyearbyen were in the southwestward/west-southwestward direction between 1200 LT and 1600 LT and southeastward between 1800 LT and 0100 LT. Between 0300 LT and 0600 LT, the meridional ion flow was poleward. At Tromsø, the ion flows were westward between 0900 LT and 2000 LT and eastward between 2200 LT and 0200 LT. Similar to the flow pattern at Longyearbyen, the poleward flows were seen in the morning sector. This ion flow pattern is regarded as a consequence of a distorted two-cell convection pattern under conditions of the negative By and Bz components of the interplanetary magnetic field (IMF), as demonstrated by Heelis [1984]. Indeed, for most of the active period, the ACE satellite observed the negative By (0 ~ -10 nT) when the Bz was negative (0 ~ -10 nT) (not shown here). Concerning the data at Tromsø, it should be pointed out that the feature shown in Figure 3a would not be considered as an averaged feature over the active period, since the ion flow speed was much higher from ~1500 UT to ~2400 UT on 2 July than for the rest of the period (see Figure 2). For the quiet period, the IMF Bz was positive except for the weak negative Bz period from the end of 5 July to the beginning of 6 July. As seen in Figure 3b, the ion flows at both sites were very weak and no prominent two-cell pattern was detectable. 
3. 2. Neutral wind velocity in the lower thermosphere

  From Rino et al. [1977], the steady-state ion mobility equation can be solved for the neutral wind velocity u in the E region as:
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where v is the bulk ion velocity, Ωi (= eB/ mi) is the gyrofrequency of the ions, e is the elementary charge (= 1.602×10-19 C), mi (= 30.5 amu) is the mean ion mass, and B is the magnitude of the geomagnetic field (B). We calculated the ion-neutral collision frequency ((in) applying the formula given by Shunck and Walker [1973], based on the model of neutral atmosphere, NRLMSISE-00 [Hedin, 1987; Picone et al., 2002]. From equation (5), we derived neutral wind velocities for seven heights from 100 to 120 km. The center of gate (i.e., the height) was not identical between the two radars. Table 2 summarizes the averaged error values of the ion velocity and neutral wind velocity at both sites.

  Figure 4a illustrates the averaged horizontal velocity vectors in the lower E region (bottom) and in the higher E region (top) during the active period for the ion flow (left) and the neutral wind (right) in the polar plots. The method of averaging the data is the same as that applied to Figure 3. In this figure the data at 103 km (104 km) and at 115 km (114 km) for Longyearbyen (Tromsø) are presented as lower and higher E region data. The neutral winds in the daytime for the active period were poleward at both altitudes at both sites, except for the early morning at 104 km at Tromsø. In the night sector at Longyearbyen, the strength of the flows at both altitudes weakened compared to that occurring in the daytime. Zonal wind blew mainly westward (clockwise) at 114-115 km at both sites. At 103-104 km, the ion flow pattern resembled the pattern of the neutral wind at both sites. The similarity broke down at 115 km at Longearbyen, while at Tromsø the flow patterns of the ions and neutrals at 114 km were still similar to each other. The ion flows at Longyearbyen were east/southeastward between 1300 LT and 1700 LT and southward between 2000 LT and 2400 LT. The ion flows at 115 km at Longyearbyen tended to approach the ion velocity flow in the F region. At Tromsø, the meridional component of the ion flow at 114 km was directed poleward in the daytime and equatorward at night. 

  For the quiet period, the averaged ion and neutral wind velocities at 103-104 and 114-115 km are depicted in Figure 4b. The neutral winds for the quiet period were directed poleward during most of the daytime at 103-104 km at both sites. The flow pattern of the ions at 103-104 km again resembles that of the neutral wind at both sites. At Tromsø, the flow patterns of the ions and the neutrals also resemble each other at 114 km. At Longyearbyen, the patterns of the ions and neutrals are not as similar as those at Tromsø. These results for the active and quiet periods imply that the ion motion at both sites was controlled by the neutral motion through the collision process at lower heights (103-104 km), while at Longyearbyen the neutral motion could not fully control the ion motion at higher heights (115 km), probably due to an increase of the Lorentz effects (the second term on the right side in equation (5)). At Tromsø, the ion motion did not deviate significantly from the neutral gas motion even at 114 km, implying that the ion drag force was less effective during the interval.
3. 3. Difference of the diurnal tide at Longyearbyen between active and quiet periods.

  As presented in Figure 2, the electric field observed at Longyearbyen exhibited a clear diurnal variation for 1 to 4 July 1999. This kind of stable variation is thought to influence significantly the neutral wind dynamics. To evaluate the ion drag effect, we derived the diurnal tidal amplitude and phase of the neutral wind by using the Lomb-Scargle periodogram method [cf. Hocke, 1998]. Altitude profiles of the diurnal tidal amplitude and phase observed at Longyearbyen during the active and quiet periods are compared in Figure 5. Associated error values are also depicted; the error value (1 standard deviation) was derived using the same method of Nozawa and Brekke [1995]. The meridional amplitude for the active period (top left) was larger than that for the quiet period over the height region. The difference was seen more prominently at higher altitudes at and above 106 km. At and above 112 km, the values of meridional diurnal amplitudes were ~70-80 m s-1 for the active period and ~20-30 m s-1 for the quiet period. In the zonal component (top right), no significant difference in the amplitude between the active and quiet period was found below 112 km, while it was found at and above this altitude. At 115 km and 118 km, the values of the zonal diurnal amplitude were ~120-130 m s-1 for the active period and ~70-100 m s-1 for the quiet period, though the values were associated with relatively large error bars (~20 m s-1). Concerning the phases, the differences between the two periods were less than ~4 hours and ~2 hours for the meridional and zonal components, respectively. These results suggest that the ion drag effect was prominent on the diurnal tide, and the ion drag process appears to enhance the diurnal tidal amplitude. On the other hand, concerning the Tromsø data, no significant difference was found in the diurnal amplitude (not shown here). In the next section, we will discuss quantitatively whether ion drag effects caused the difference in the diurnal amplitude between the two intervals at Longyearbyen.

4. Discussion

4.1. Ion drag effect

  In the E region, the ion drag force to the unit mass of the neutrals is described as:
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where ve is the bulk electron velocity, n is the ion (electron) density, and J = en(v - ve). It is considered that the bulk electron velocity (ve) is equivalent to the bulk ion velocity in the F region (vF). Here we neglect electron-neutral collisions. More detailed progressing of the expression is shown in the Appendix. As mentioned above, the ion drag term is equivalent to the Lorentz force, indicating that the variation of the convection electric fields cause the variation of ion drag effect [cf. Fedder and Banks, 1972; Nozawa and Brekke, 1995]. In order to evaluate the ion drag contribution to the neutral wind dynamics, we estimated the ion drag force (the fourth term of the right side of equation (1)) as well as the total force (the left side of equation (1)) working on unit mass of neutrals. We calculated the ion drag force using the lowest term on the right side of equation (6) (i.e., ((i/(n)(Ωi /B)(E+v(B)). Assuming the electric neutrality is maintained, the ion mass density ((i) was calculated from the ion mass (mi = 30.5 amu) and the electron density data obtained by ESR. We calculated the neutral mass density ((n) from the NRLMSISE-00. The total force working on the unit mass of neutrals (the neutral wind acceleration) is calculated by the difference of neutral wind velocities as:
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where ∆t is the time interval equal to a data interval. We focused on the diurnal components and applied a band-pass filter (20-30 hours) to the ion drag acceleration and the total acceleration. Figure 6 compares the ion drag acceleration (solid line) and the total acceleration (dashed line) in the meridional and zonal components at 100, 103, 106, 109, 112, 115, and 118 km at Longyearbyen. In the meridional component, the amplitudes of the total acceleration and the ion drag acceleration on the first three days (active period) were larger than those of the next three days (quiet period). The amplitude of the ion drag acceleration increased with an increase in altitude, and it can be clearly identified at and above 106 km. The amplitude of the ion drag acceleration is about half as large as that of the total acceleration at and above 106 km. For the zonal component, the amplitude of the ion drag acceleration is much smaller than that of the total acceleration, but it increases with an increase in altitude and would contribute (at least partly) to the total acceleration at and above 112 km.

  In order to evaluate in more detail the strengths of the diurnal components of the two accelerations, we derived the diurnal components of the ion drag acceleration as well as the total acceleration for the two intervals by using the Lomb-Scargle periodogram method. Figure 7a compares ion drag accelerations for the active (closed circles) and quiet (open circles) periods. It was clearly found that the ion drag acceleration for the active period is larger than that for the quiet period in the meridional component (top left). In the zonal component (top right), a similar feature was found, but the difference is not as large as that seen for the meridional component. Figure 7b compares total accelerations for the active and quiet periods. The total acceleration for the active period is larger than that for the quiet period over the height region for the meridional component and at 100 km and at above 109 km for the zonal component. Concerning the phases (local time of maximum), the difference of the ion drag accelerations between the active and quiet periods is small: less than a few hours for both horizontal components. A similar feature was found for the total acceleration.

  When we compare the meridional amplitudes of the ion drag acceleration and the total acceleration for the active period, it is found that the ratio of the amplitude of the ion drag and total accelerations is 0.52-0.66 at and above 103 km. The difference of the corresponding phase is less than about four hours. In contrast, for the zonal amplitude, the ratio is less than 0.2 at and below 115 km. Furthermore the difference of the phase between the total and ion drag accelerations is large (5 to 12 hrs). To summarize the comparison, the difference in the amplitudes of the meridional and zonal diurnal tide between the two intervals at Longyearbyen could be interpreted partly by the ion drag effect, while contributions by other forces would also be important at the same time.

  Richmond et al. [2003] showed that the effects of the IMF on the lower thermospheric winds were detectable down to 105 km, using summer data of 1992 and 1993 in the southern hemisphere when the solar activity was relatively high (the average value of the F10.7 index over the data period was ~130). We found a significant effect of the ion drag at 106 km. Thus, our results obtained in the northern hemisphere are in good agreement with those in the southern hemisphere of Richmond et al. [2003]. Nozawa el al. [2005] showed that the ion drag effect of the neutral wind was generally negligible below 118 km at Longyearbyen for 11 to 19 November 2003 when the electric field exhibited a clear diurnal variation with a similar strength to that for 1 to 4 July 1999. In their results, the electron density observed between 100 and 130 km at Longyearbyen was ~1010 m-3 during most of the period, except for auroral precipitations at night. Conversely, in July 1999, the electron density observed in the same altitude range at Longyearbyen was over 1011 m-3 in daytime. These results confirm the importance of the electron density in the ion drag effect observationally.

4.2. Comparison with TIME-GCM predictions

  NCAR TIME-GCM is a physical model of the stratosphere, mesosphere, thermosphere, and ionosphere with coupled electrodynamics between 30 and 500 km. It combines all the previous features of the TGCM [Dickinson et al., 1981, 1984], TIGCM [Roble et al., 1988], and TIE-GCM [Richmond et al., 1992]. It includes aeronomical processes appropriate to the mesosphere and upper stratosphere as described by Roble and Ridley [1994], Roble et al. [1987] and Roble [1995]. This model is a grid-point model with fourth order horizontal differencing on a 5° ( 5° latitude/longitude grid. It differs from other NCAR TGCMs (such as TIE-GCM, TIGCM, TGCM), and the lower boundary is set to 30 km in this model. Therefore, this model can be used to examine complex upper mesosphere-lower thermosphere couplings away from the model boundaries. 

  To compare TIME-GCM predictions with our observations, we analyzed TIME-GCM predictions in two cases from 1 to 7 July 1999. They are identical TIME-GCM runs using the same solar flux input (an average F10.7 index over 1 to 7 July 1999), the same lower boundary forcing using the geopotential height and temperature at 10 hPa (30 km), the same gravity wave forcing, and the same tidal forcing from the global scale wave model. Therefore everything is identical except that the cross-polar cap potential drop for the ion convection model [Heelis et al., 1982] increased from 30 kV to 90 kV, and the auroral hemispheric aurora power input increased from 10 GW to 60 GW. Both quiet and active values are well within the range of observed values and are considerably less than the observed maximum values of ~200 kV and ~120 GW [Roble and Ridley, 1987]. The difference of the strength of the electric fields thus highlights the ion drag effect. 

  Figures 8a and Figure 8b illustrate the ion convection pattern at 280 km at the two positions (77.5º N, 15.0º E and 67.5º N, 20.0º E) predicted by TIME-GCM for the active and quiet cases, respectively. In Figure 8a, the convection pattern in the active case shows a clear two-cell convection pattern, while in the quiet case the ion flow is weak, as shown in Figure 8b. Each scale is different. Features (the ion flow pattern as well as the strength of the ion velocity) shown in Figure 8a are similar to those in Figures 3a, but there is a phase shift by ~4 hours between the observations and predictions, probably due to the IMF By effect. 

  We derived the diurnal tidal components of the modeled neutral winds for each case in the same manner as we did with our own observations. Figures 9a and 9b show altitude profiles of the amplitudes and phases of the diurnal component of the ion velocity and wind velocity, respectively, between 100 and 120 km at the position (77.5º N, 15.0º E) near Longyearbyen. Figure 9a shows a large difference of the diurnal component of the ion velocity for the active and quiet periods. This result is due to the difference of the strength of the electric field. Figure 9b shows the difference of the diurnal component of the neutral wind for the active and quiet periods. The meridional amplitude in the active case is larger than that in the quiet case above 105 km. The difference becomes larger with increasing altitude. At 120 km, the amplitude is ~80 m s-1 in the active case and ~20 m s-1 in the quiet case. The local time of maximum in the both cases is fairly constant with height and stays at ~1100-1300 LT. The predicted features compare well with the observation shown in Figure 5. In the zonal component, the amplitude in the quiet case tends to be larger with increasing altitudes. The amplitude in the active case is smaller below 105 km and larger above 105 km with increasing altitudes. Above 110 km, the amplitude in the active case is larger than in the quiet case. At 120 km, the amplitude is ~50 m s-1 in the active case and ~20 m s-1 in the quiet case. The local time of maximum is constant (~1700 LT) in the quiet case, but it shifts toward earlier time (from 1600 LT to 0500 LT) with increasing altitudes in the active case. This phase profile could be interpreted as the relative importance of the ion drag force varying with height. The phases at 120 km in both the components are ~4-6 hours behind those of the ions. This suggests that the ion drag effect causes the difference in the diurnal tide between the active and quiet case. To summarize the TIME-GCM predictions, these predicted features are consistent with the observational results, except for the results from the zonal amplitude below 110 km and the zonal phase. One interpretation might be that the disagreement was caused by the IMF By effect. The ion convection pattern used in the TIME-GCM run was developed by Heelis et al. [1982] in which there was no By dependence, and the convection pattern was mainly symmetrical around noon [see also, Roble and Ridley, 1987]. 
5. Summary and Conclusions

  Using the datasets from 1 to 7 July 1999 obtained by two EISCAT radars, we evaluated ion drag contribution to the lower thermospheric neutral wind in the polar cap in the northern hemisphere. We divided the data sets into two intervals when the electric field exhibited a clear diurnal variation (active period) and when it did not (quiet period) at Longyearbyen. We compared the ion flow pattern with the neutral wind pattern for the two intervals to evaluate the importance of the ion drag to the neutral wind dynamics. This study is the first attempt to evaluate the ion drag effect quantitatively on the summer lower thermosphere based on very high latitude (78°N) station data in the northern hemisphere. We have confirmed that the ion drag effect varies with altitude and with the electric field and the electron density, and the ion drag enhances the diurnal tidal amplitude. Furthermore, we analyzed two TIME-GCM runs with different magnetospheric input conditions, and evaluated the ion drag effect as well. Good agreement was found between our observations and the TIME-GCM predictions. The main findings are summarized as follows: 

(1) In the polar lower thermosphere, the meridional diurnal tidal amplitude in the active period was larger than that in the quiet period at Longyearbyen. At Tromsø, where the electric field did not show a clear diurnal variation, no significant difference was found for the diurnal tidal amplitude.

(2) The difference in the meridional tidal amplitudes at Longyearbyen between the two intervals could be interpreted, at least partly, by the ion drag effect. The ratio of the amplitude of the ion drag and total accelerations in the meridional component is 0.52-0.66 at and above 103 km.
(3) The effect of ion drag played an important role in neutral wind dynamics at and above 106 km in the meridional component at Longyearbyen during the observational period. 
(4) TIME-GCM predictions indicated that the diurnal tide can be influenced by the convection electric field through the ion drag process.
Appendix: Derivation of the ion drag in the lower thermosphere

Zhu et al. [2005] demonstrated that the macroscopic ion drag term (FI - D) can be written as
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where
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The parameters used in the Appendix are as follows:

J : total current density,  B : magnetic field vector,

b : the unit vector along magnetic field (B),  B : the absolute value of magnetic field (B),

u : neutral wind velocity vector,  v : bulk ion velocity vector,

vActual : the actual ion velocity which contains the gyro-motion and the bulk motion,
(P : Pederson conductivity,  ( H : Hall conductivity,

(e : electron gyro frequency (= eB / me),  (i : ion gyro frequency (= eB / mi),

(en : electron-neutral collision frequency,  (in : ion -neutral collision frequency,

(ni : neutral-ion collision frequency,  e : elementary electric charge (= 1.6 ( 10-19 C),

n : the electron density, me : mass of electron (= 9.1 ( 10-31 kg), mi : mass of ion (= 30.5 amu),

(i : the ion mass density (= nmi),  (n : the mass density of neutrals.

The subscript (() denotes the perpendicular component to the magnetic field. Here we adopt the valid assumptions in the E region, because the target of the present paper is the ion drag effect in the E region (lower thermosphere). First, plasma neutrality and a single charged ion species are assumed. Then we can modify the formulae of the Pederson conductivity ((P) and the Hall conductivity (( H), given by Brekke and Hall [1988], as:
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Second, at and above the E region heights, the electron-neutral collision frequency is much smaller than the electron gyro frequency; that is (en << (e . Thus, we can simplify the formulae of the Pederson and Hall conductivity as:
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Using equations (A6) and (A7), ( 1 and ( 2 can be written as:
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Using equations (A8) and (A9), we can represent equation (A1), the macroscopic ion drag term as:
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(A10)

From equation (5) in the main body, the difference between the bulk ion velocity and neutral wind velocity is expressed as:
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(A11)
The right side of equation (A11) denotes that the difference vector between the bulk ion velocity and neutral wind velocity is directed to the perpendicular to the magnetic field; that is (v - u) = (v - u)(. Therefore, we can rewrite equation (A10) as:
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(A12)

The ion drag force to the unit mass of the neutrals is described as:
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(A13)

We calculated the ion drag term from the bulk ion velocity measured by the EISCAT radar using the right side of equation (A13). Finally, from equation (2), the microscopic ion drag term (fI - D) is expressed as:
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(A14)
Comparing equation (A12) for the macroscopic view with equation (A14), it is found that the macroscopic ion drag can be expressed in a similar manner in the E region: (i(in(v - u).
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Figure 1. Time-altitude profiles of electron densities obtained with the ESR at Longyearbyen (top) and the EISCAT UHF radar at Tromsø (bottom) from 1000 UT on 1 July to 1000 UT on 7 July 1999. 

Figure 2. Temporal variations of the electric fields in the meridional (left) and zonal (right) components observed at Longyearbyen (top) and Tromsø (bottom) from 1000 UT on 1 July to 1000 UT on 7 July 1999. The intervals of active and quite periods are shown on the bottom at each panel. Associated error values are about ~1 mV m-1 on average.
Figure 3. Variations of the averaged ion velocity in the F region for the active period (a) and for the quiet period (b) displayed in polar dials in the geographic coordinate as a function of LT (LT = UT + 1 hour). The center corresponds to the North Pole; inner and middle circles correspond to the locations of Longyearbyen and Tromsø, respectively. Scales of the velocity are shown on the top-right at each panel. 

Figure 4a. Variations of averaged ion (left) and neutral wind (right) velocities for the active period displayed in polar dials in the geographic coordinate (the format is the same as in Figure 3) for 2 heights of 103 km at Longyearbyen and at 104 at Tromsø on the bottom panel and 115 km at Longyearbyen and 114 km at Tromsø on the top panel.

Figure 4b. Same as Figure 4a but for the quiet period. 

Figure 5. Altitude profiles of the diurnal tidal amplitudes (top) and phases (bottom) observed at Longyearbyen for the active period (closed symbol) and for the quiet period (open symbol) in the meridional (left) and zonal (right) components. Horizontal lines associated with each symbol denote error bars (1 standard deviation) derived as in work by Nozawa and Brekke [1995].

Figure 6. Comparison of the ion drag acceleration (solid line) and the total acceleration (∂u/∂t) (dashed line) in the meridional (left) and zonal (right) components at 100, 103, 106, 109, 112, 115 and 118 km at Longyearbyen. 

Figure 7a. Altitude profiles of the diurnal amplitude (top) and phase (bottom) of the ion drag acceleration for the active (solid circles) and quiet (open circles) periods in the meridional (left) and zonal (right) components at Longyearbyen. 

Figure 7b. Same as Figure 7a but for the total acceleration.

Figure 8. Variations of the ion velocity at 280 km in two cases, active case (a) and quiet case (b), predicted by TIME-GCM, displayed in polar dials in the geographic coordinate (the format being the same as that in Figure 3). The center corresponds to the North Pole; inner and middle circles correspond to the locations of near Longyearbyen (77.5° N, 15.0° E) and near Tromsø (67.5° N, 20.0° E), respectively. Scales of velocity are shown on the top-right at each panel. 

Figure 9a. Altitude profiles of the diurnal amplitudes (top) and phases (bottom) of the ion velocity at near Longyearbyen (77.5° N, 15.0° E) in the two cases, active case (closed symbol) and quiet case (open symbol), predicted by TIME-GCM.

Figure 9b. Same as Figure 9a but for the neutral wind velocity.

Table 1. Daily Ap and F10.7 indices from 1 to 7 July 1999.

	
	Ap index
	F10.7 index (1022 W m-2 Hz-1)

	July 1
	6
	202.0

	July 2
	26
	193.4

	July 3
	9
	203.4

	July 4
	2
	191.9

	July 5
	2
	180.0

	July 6
	8
	173.5

	July 7
	4
	163.7


Table 2a. Averaged error values of the ion and neutral wind velocities at Longyearbyen.

	Altitude (km)
	100
	103
	106
	109
	112
	115
	118

	Ion velocity (m s-1)
	NS
	28
	28
	30
	31
	34
	38
	42

	
	EW
	50
	50
	54
	57
	61
	68
	76

	Neutral wind (m s-1)
	NS
	28
	29
	32
	36
	43
	56
	76

	
	EW
	50
	50
	54
	57
	62
	72
	83


Table 2b. Averaged error values of the ion and neutral wind velocities at Tromsø.

	Altitude (km)
	101
	104
	108
	111
	114
	117
	120

	Ion velocity (m s-1)
	NS
	58
	51
	57
	62
	70
	83
	92

	
	EW
	82
	71
	78
	86
	96
	110
	128

	Neutral wind (m s-1)
	NS
	58
	51
	59
	68
	84
	112
	155

	
	EW
	82
	71
	79
	88
	101
	123
	157
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