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Abstract. It is generally assumed that horizontal wind velocities are independent of height above the F1-region 18 

(> 300 km) due to the large molecular viscosity of the upper thermosphere. This assumption is used to compare 19 

two completely different methods of thermospheric neutral wind observation, using two distinct locations in the 20 

high-latitude Northern Hemisphere. The measurements are from ground-based Fabry-Perot Interferometers 21 

(FPI), and from in-situ accelerometer measurements onboard the CHAMP satellite, which was in a near polar 22 

orbit. The UCL KEOPS FPI is located in the vicinity of the auroral oval at the ESRANGE site near Kiruna, 23 

Sweden (67.8°N, 20.4°E). The UCL Longyearbyen FPI is a polar cap site, located at the Kjell Henriksen 24 

Observatory on Svalbard (78.1°N, 16.0°E). The comparison is done in a statistical sense, comparing a longer 25 

time series obtained during nighttime hours in the winter months (DOY 300-65); with overflights of the 26 

CHAMP satellite between 2001 and 2007 over the observational sites, within ±2° latitude (±230 km horizontal 27 

range). The FPI is assumed to measure the line-of-sight winds at ~240 km height, i.e. the peak emission height 28 

of the atomic oxygen 630.0 nm emission. The cross-track winds are derived from state-of-the-art precision 29 

accelerometer measurements at altitudes between ~450 km (in 2001) to ~350 km (in 2007); i.e. 100-200 km 30 

above the FPI wind observations. We show that CHAMP winds at high latitudes are typically 1.5-2 times larger 31 

than FPI winds. In addition to testing the consistency of the different measurement approaches, the study aims to 32 

clarify the effects of viscosity on the height dependence of thermospheric winds.  33 

 34 

1 Introduction 35 

Global circulation models (GCM) of the upper atmosphere (80-600 km altitude) appear in two forms: 36 

climatologies based on empirical measurements, and theoretical models that calculate atmospheric conditions 37 

using the principles of physics and chemistry. These models are important for space weather studies and are also 38 

applied in understanding and predicting drag on low-altitude satellites, space debris, and the study of re-entry of 39 

near Earth objects. The theoretical and empirical models rely on observations from ground-based instruments 40 
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around the world and global observations by satellites to provide constraints and boundary conditions. In 41 

particular, models must account for energy from sources external to the upper atmosphere (i.e., direct solar 42 

radiation, particle precipitation and heat flow from above; radiative, conductive and convective heating from 43 

below; the magnetospheric electrodynamic driver at high-latitudes), which is divided between acceleration of 44 

the gas and heating. The empirical evidence for the energy budget can be provided by observations of winds and 45 

temperatures.  46 

 47 

The use of accelerometers on satellites to measure thermospheric winds had previously been reported quite 48 

rarely (Marcos and Forbes, 1985; Forbes et al., 1993). Over the last few years CHAMP and GOCE winds have 49 

been reported (e.g. Förster et al., 2008; Doornbos et al., 2010). The advantage of this technique consists in the 50 

fairly direct in-situ measurement, with relatively high spatial (temporal) resolution, of the cross-track wind 51 

component along the orbital track with only a limited number of special assumptions for the data interpretation. 52 

Adding more satellites (e.g., GRACE and GRACE-FO), should allow better full wind vector reconstructions in 53 

terms of statistical averages (Förster et al., 2008; Förster et al., 2017) as well as parameterized statistical studies 54 

of the upper thermosphere dynamics in the near future. As a result, it makes it imperative that the derived winds 55 

are correct because satellites provide global coverage of the upper atmosphere, unlike the small number of 56 

ground-based instruments currently in existence. The larger databases and global coverage of the satellites will 57 

particularly influence a semi-empirical model such as the Horizontal Wind Model (Drob et al., 2015), which is 58 

commonly used as a climatology of winds to provide initial boundary conditions and validation for physics-59 

based global circulation models (GCMs). 60 

 61 

In this paper we show that upper thermospheric winds measured by the CHAMP satellites are typically 1.5 to 2 62 

times larger than those measured by ground-based Fabry-Perot Interferometers (FPIs) at an auroral site and 63 

polar cap site. It is imperative to know whether this discrepancy is real (i.e. there is a variation of speed with 64 

respect to height), or whether we have uncovered a problem of the absolute scaling of wind measurements by 65 

comparing FPIs with CHAMP. With incorrect scaling, there arises a problem of distortion of energy budget 66 

calculations of the upper atmosphere. A precise estimation of energy supply to the system is hindered 67 

essentially, because the partitioning of kinetic and thermal energy channels becomes obscured. The acceleration 68 

of the neutral air in 3-D space with respect to the active driver of the plasma motion is important to estimate, for 69 

instance, the Joule heating rate as one of the most important thermal energy inputs. This has a knock-on effect 70 

on the calculation of the absolute density of the gas, which is an important parameter used in, for example, 71 

satellite orbit calculations. 72 

 73 

2 The CHAMP accelerometer data 74 

 75 

The challenging mini-satellite payload (CHAMP) was managed by the GFZ German Research Centre for 76 

Geosciences of the Helmholtz Centre Potsdam. This mission was designed to perform detailed studies of the 77 

Earth’s gravitational and magnetic field with unprecedented accuracies and space/time resolutions as well as 78 

GPS atmosphere and ionosphere profiling. The spacecraft was launched in July 2000 into a circular near-polar 79 
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orbit with 87.3° inclination at an initial altitude of ~460 km (Reigber et al., 2002). Its orbital altitude gradually 80 

decayed to ~400 km in 2003 and ~330 km in 2008, and ended in September 2010. 81 

 82 

One key scientific instrument onboard CHAMP was a triaxial accelerometer. It was located at the spacecraft’s 83 

center of mass and effectively probed the in-situ air drag. Thermospheric mass density and cross-track neutral 84 

wind can be obtained from the drag acceleration observations. It is very difficult to determine the error estimate 85 

because it depends on several variables as discussed in Doornbos et al. (2010) and shown in Table 5 from Visser 86 

et al. (2019). This indicates that for force-derived winds, the largest sensitivity is to energy accommodation, 87 

which is of the order of several tens of ms
-1

.  88 

 89 

A first analysis of the high-latitude thermospheric wind circulation in dependence on the IMF orientation was 90 

performed by Förster et al. (2008) using the preliminary methodology of cross-track wind estimations from 91 

accelerometer data as described in Liu et al. (2006). Förster et al. (2011) then presented an overview of the 92 

average transpolar thermospheric circulation in terms of the vorticity. Here, they made use of the newly 93 

calibrated and re-analysed data set that resulted from an ESA study, initiated for the Swarm satellites mission 94 

launched in November 2013 (Helleputte et al., 2009). The CHAMP neutral wind data, based on the cross-track 95 

accelerometer measurements, are available via the data repository at the GFZ Potsdam (Förster and Doornbos, 96 

2019). 97 

 98 

As pointed out by Doornbos et al. (2010), the along-track wind is not resolvable because it induces a similar 99 

signal in the acceleration as the density variation. This wind component is ignored, or the value from an 100 

empirical wind model is used, because the along-track wind is a relatively small magnitude in comparison with 101 

the satellite speed of 7.6 km s
-1

. The empirical wind model used is, for example, HWM90 (Hedin et al., 1991) or 102 

its latest edition HWM14, as published by Drob et al. (2015). In polar areas the along-track wind velocity can 103 

achieve up to 10% of the satellite speed. Consequently, the along-track mass density estimation can have an 104 

error of about 20% in the polar latitudes, because the acceleration is proportional to the wind velocity squared 105 

(e.g., Doornbos et al., 2010). But it is less easy to estimate the error in the cross-track wind in the polar region 106 

due to considerably smaller acceleration signals. There are also systematic contributions from other sources such 107 

as gas-surface interactions, surface properties, spacecraft shape, spacecraft attitude and radiation pressure 108 

accelerations, which make the satellite aerodynamic coefficients difficult to resolve (see Doornbos et al., 2010, 109 

and the error budget in Appendix A of that paper; Mehta et al., 2017 and March et al., 2018). The pre-processed 110 

data of the accelerometer were re-sampled to 10-sec averages for the further use in this study. Measurements of 111 

10-sec cadence correspond to a spatial separation of 76 km or about 2/3° in latitude between the individual data 112 

points. 113 

 114 

3 The Fabry-Perot Interferometer data 115 

The advantage of using Fabry-Perot Interferometers is that they make direct measurements of thermospheric 116 

wind speeds using only a few instrumental or geophysical assumptions. They are also generally reliable 117 

instruments that can be left to run for months at a time. The FPIs operated by University College London are 118 

located at the Kiruna Esrange Optical Platform System (KEOPS) in northern Sweden; and on the island of 119 
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Svalbard at the Adventdalen Observatory (before November 2006), from which it was moved to the Kjell 120 

Henriksen Observatory (after November 2006). The geographic and geomagnetic coordinates of these two 121 

stations are given in Table 1 for Kiruna (KEOPS) and Table 2 for Longyearbyen (Svalbard). The Altitude-122 

Adjusted Corrected Geomagnetic Coordinates (AACGM) are obtained from 123 

http://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.php#AACGM (Shepherd, 2014). A date of 15 December 124 

2002 was used, for an altitude of 240 km. Owing to the large field-of-view of the FPIs (see later) the locations of 125 

the volumes observed by the FPIs in the East and West look directions are also given, and the corresponding 126 

MLT. 127 

 128 

Table 1 129 

FPI Site Geographic 

coordinates 

AACGM geomagnetic 

coordinates for 15 Dec 

2002 at 240 km altitude  

AACGM magnetic local 

time (MLT) midnight in 

UT  

Kiruna (KEOPS) 67.87°N, 21.03°E 65.08°N, 103.32°E 1.860 UT 

Kiruna (KEOPS) EAST 67.87°N, 26.6°E 64.8°N, 107.8°E 2.16 UT 

Kiruna (KEOPS) WEST 67.87°N, 15.5°E 65.4°N, 98.9°E 1.57 UT 

 130 

Table 2 131 

FPI Site Geographic 

coordinates 

AACGM geomagnetic 

coordinates for 15 Dec 

2002 at 240 km altitude  

AACGM magnetic local 

time (MLT) midnight in 

UT 

Longyearbyen 

(KHO after 2006) 

78.15°N, 16.04°E 75.38°N, 111.80°E 2.43 UT  

Longyearbyen EAST 

(KHO after 2006) 

78.15°N, 33.6°E 74.4°N, 123.6°E 3.21 UT 

Longyearbyen WEST 

(KHO after 2006) 

78.15°N, -1.5°E 76.8°N, 100.3°E 1.66 UT 

Longyearbyen 

(Adventdalen before 2006) 

78.19°N, 15.92°E 75.43°N, 111.80°E 2.43 UT 

Longyearbyen EAST 

(Adventdalen before 2006) 

78.19°N, 33.5°E 74.4°N, 123.6°E 3.21 UT 

Longyearbyen WEST 

(Adventdalen before 2006) 

78.19°N, -1.7°E 76.9°N, 100.3°E 1.66 UT 

 132 

http://sdnet.thayer.dartmouth.edu/aacgm/aacgm_calc.php#AACGM
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A significant limitation of ground based FPIs is that optical measurements of airglow and aurora at 133 

thermospheric altitudes are only possible during the night when the sun’s zenith angle is greater than 98°. This 134 

means that the high latitude FPI observing season runs only in the winter months: from September to April at 135 

KEOPS; and October to March at Longyearbyen. The FPIs have been nearly continually observing the 630 nm 136 

emission from airglow and aurora every winter night since 1981 and 1986, respectively. Complete 24 hours of 137 

observation are possible during November to January at Longyearbyen. Thermospheric winds have been 138 

monitored by calculating the Doppler shifts of the 630nm airglow radiation intensities. The FPI instrument has a 139 

mirror that rotates to look in several directions (e.g. north, north-east, east, south, west, north-west, zenith and a 140 

calibration lamp) to provide line-of-sight wind measurements at a fixed elevation angle. The exposure times can 141 

be as low as 10 seconds, up to 120 seconds. A typical complete scan cycle takes ~4 minutes for Kiruna and ~5 142 

mins for Longyearbyen. After 1999, when laser calibrations were made possible, thermospheric temperatures 143 

were measured from the thermal broadening of the emission line. More details of operation may be found in 144 

Aruliah et al. (2005) and references therein.  145 

The 630nm emission has a peak intensity at an altitude of around 240 km. So measurements of the Doppler 146 

shifts and thermal broadening of the emission line are used to determine the winds and neutral temperatures of 147 

the upper thermosphere (> 200km altitude). The elevation angle of the mirror is 45° for the Kiruna FPI and 30° 148 

for the Longyearbyen FPI. Thus the radius of the field-of-view is 240 km and 416 km, respectively, which 149 

represents roughly a 5° and 8° separation in latitude of the north and south viewing volumes at the respective 150 

sites. At these high latitudes where the magnetospheric dynamo dominates the plasma flows, ion-neutral 151 

coupling can create meso-scale structures in the upper thermosphere on horizontal scale sizes of as little as ~100 152 

km (e.g. Aruliah et al., 2001). So average wind speeds have been determined for each of the 4 cardinal look 153 

directions in order that the meso-scale structure is not lost. The winds are strongly dependent on UT, season, 154 

solar cycle and geomagnetic activity due to the dominant forcing mechanisms of pressure gradients and ion-155 

neutral coupling in the high latitude upper thermosphere. The maximum average wind vector magnitudes 156 

measured by an FPI at Kiruna were shown to be in the range 100-300 ms
-1

 and the errors of measurements were 157 

around 10-20 ms
-1

 (Aruliah et al., 1996). The main sources of error are: 158 

a) poor signal to noise when the 630 nm intensities are low, such as at solar minimum, or geomagnetically 159 

quiet conditions. 160 

b) the existence of large vertical winds. These break the assumption that the winds are predominantly 161 

horizontal. Vertical winds are generally small, but can be a few 10s of ms
-1

 at high latitudes (Aruliah 162 

and Rees, 1995; Ronksley, 2016). Large vertical winds introduce an error of a few per cent into the 163 

calculation of a horizontal wind component from the line-of-sight measurement. 164 

c) the assumption that the neutral winds are nearly constant with respect to altitude above 200 km owing 165 

to the very low density and consequently high molecular viscosity of the upper thermosphere. 166 

4 CMAT2 model winds 167 

The UCL Coupled Middle Atmosphere Thermosphere (CMAT2) model is a 3-dimensional, time-dependent 168 

physics-based model, that solves numerically the non-linear coupled continuity equations of mass, momentum 169 
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and energy (Harris et al., 2002). The model has a latitude resolution of 2°, longitude 18°, and a one third scale 170 

height for a height range of ~15 km (top of the troposphere) to 300-600km (top of the thermosphere). 171 

Thermospheric heating, photodissociation and photoionisation are calculated for solar X-ray, EUV and UV 172 

radiation between 0.1-194 nm (Fuller-Rowell, 1992; Torr et al, 1980a and 1980b; Roble, 1987). High latitude 173 

ionospheric parameters of ion and electron densities and temperatures, plus field-aligned plasma velocities, are 174 

from the Coupled Sheffield University High-latitude Ionosphere Model (Quegan et al., 1982; Fuller-Rowell et 175 

al., 1996). The high latitude auroral precipitation is provided by the TIROS/NOAA auroral precipitation model 176 

(Fuller-Rowell and Evans, 1987) and the high latitude electric field model is from Foster et al., (1986). Other 177 

features are detailed in Harris et al. (2002). The CMAT2 winds will be presented as part of the discussion 178 

below. 179 

 180 

5. Results 181 

Data were chosen from the 3-year periods 2001-2003 and 2005-2007, when the CHAMP satellite was in orbit. 182 

These represent periods of solar maximum and minimum, respectively. CHAMP data were collected all year 183 

around, but the FPI data were limited to nighttime periods only.  184 

5.1 CHAMP average winds 185 

Figures 1 and 2 show plots of average CHAMP accelerometer measurements of the cross-track thermospheric 186 

wind component during the whole period of years 2001–2003, that were obtained during direct overflights 187 

above the FPI stations at Longyearbyen (Figure 1) and KEOPS (Figure 2). The cross-track wind component is 188 

defined as pointing into the positive y-direction of the S/C coordinate system with its x axis along the orbital 189 

trace, the z axis toward nadir, and the y-axis completing the right-hand system. The y-wind component therefore 190 

points perpendicular to the orbital plane to the right side, when looking in the direction of flight. Given the high 191 

inclination (87.3°) of the CHAMP satellite, this corresponds approximately to the geographically eastward 192 

direction for the ascending orbital track (blue lines in Figure 1) except for very high geographic latitudes (see 193 

below). The cross-track wind measurements of the descending orbital tracks (red lines) have been flipped in sign 194 

to get nearly the same eastward wind component. 195 

 196 

Figure 1a and 2a show average values for all data, while Figures 1b, 1c, 2b and 2c show the summer and winter 197 

averages. There are many more data points for the Longyearbyen station, at a higher geographic latitude 198 

compared with KEOPS. This confirms the fact that the relative probability of overhead crossings of high-199 

latitude stations by low Earth orbiting (LEO) satellites with a near-polar circular orbit augments with increasing 200 

latitude. A statistical study has to make some compromise with respect to the area of accepted local 201 

coincidences of the satellite recordings above the ground-based observations and also with regard to the further 202 

data binning. Here, a circular area based on a 2° latitude radius and hourly bins versus local time have been used 203 

which produces a sufficiently good coverage. Further binnings have been been tested to investigate the effect on 204 

the results. A shorter radius deteriorates the statistics within the bin, while larger bins tend to smear the spatial 205 

and temporal variations. Data filtering with respect to other parameters like, e.g., season, solar wind and 206 
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interplanetary magnetic field (IMF) values, solar radiation and geomagnetic activity indices should be taken into 207 

account if they appear to make a significant effect. 208 

 209 

The variance of the cross-track neutral wind magnitude is considerably larger during the whole day above the 210 

station at higher latitudes. The average phase of the diurnal eastward wind variation differs also considerably 211 

between the data sets of the two observatories. The eastward wind maximizes during the pre-midnight hours 212 

over Longyearbyen, while a smaller maximum and a shorter interval of eastward wind is seen at lower latitudes 213 

above the KEOPS station (2–3 hours versus about 6 hours). The eastward neutral thermospheric wind is 214 

approximately sinusoidal for Longyearbyen (Fig. 1a), but reveals two maxima/minima over the KEOPS station 215 

(Fig. 2a). The westward wind maximizes there at about 19 LT and prior to midday (~11 LT). Finally, the 216 

variance of the cross-track neutral wind magnitude over the lower latitude station KEOPS is relatively large 217 

during the afternoon to early nighttime hours (~15–20 LT). This might be due to the position of this station 218 

relative to the large dusk cell which is known to be strongly dependent on, in particular, the IMF By component 219 

(cf., e.g., Rees et al., 1986; Killeen et al., 1995; Förster et al., 2008 and Förster et al., 2011). In contrast to 220 

KEOPS, the higher latitude station Longyearbyen is located close to or even poleward of the dusk cell’s focus, 221 

so that the cross-polar cap circulation of the neutral thermospheric air dominates. 222 

 223 

  224 
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Figure 1: CHAMP observations over Longyearbyen during solar maximum 2001-2003. a) All data – ascending (blue) 225 

and descending (red) averages; b) Summer (May-Aug) and c) Winter (end Oct-early Mar). 226 

 227 
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Figure 2: CHAMP observations over KEOPS during solar maximum 2001-2003. a) All data – ascending (blue) and 228 

descending (red) averages; b) Summer (May-Aug) and c) Winter (end Oct-early Mar). 229 
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Figures 1b and 1c repeat the statistical plot of Fig. 1a for Longyearbyen for the years 2001-2003 with high solar 230 

activity, but confined to the winter and summer months, respectively. Similarly for Figures 2b and 2c for 231 

KEOPS. The statistical significance is therefore reduced, in particular for the KEOPS station, but seems to be 232 

still sufficient. The winter recordings (Fig. 1c and 2c) during nighttime hours can directly be compared with the 233 

FPI observations (Figs. 6 and 7). 234 

 235 

The principle behaviour of the Longyearbyen and KEOPS eastward wind component is similar to that for the 236 

full year coverage, but there are also obvious seasonal differences. The wind component amplitudes, in 237 

particular the eastward maxima, are smaller during summer compared with the winter months, while the phases 238 

are almost the same. The statements about the variance of the eastward/westward wind component for both 239 

stations that have been made with respect to the full year statistics in Fig. 1 hold also for both winter and 240 

summer plots, maybe with slightly larger values for the winter months. 241 

 242 

The ascending and descending orbits are analyzed separately in their statistical behaviour (blue and red lines and 243 

vertical bars, respectively), and show distinct differences. This points to the problem of co-alignment of the 244 

ascending and descending orbital tracks (despite the simple sign flip). The small offset of ~2.7° from a strict 245 

polar orbit of the satellite causes some deviation from the east/westward pointing of the cross-track 246 

measurements. At low to mid-latitudes, the deviation from purely geographically eastward direction corresponds 247 

in good approximation to this colatitude angle of the satellite’s inclination β ≈ 2.7°, but at high latitudes and in 248 

particular near the poles it can deviate considerably. This non-alignment angle α (deviation from purely 249 

eastward) can be estimated in dependence on the observer’s colatitude θ with spherical angle relations using a 250 

simplified spheric geometry of the Earth as in Eq. (1). 251 

 252 

 
sin

arcsin
sin






 
  

 
 (1) 253 

Using the geographic coordinates of the observatories in Table 1, one gets an α-angle of 7.2° and 13.3° for 254 

KEOPS and Longyearbyen, respectively. The angular difference (2∙α) between the two one-component cross-255 

track wind measurements of the ascending and descending orbital tracks is already considerable for the most 256 

northward station at Longyearbyen and this offset can be noticed in, for example, Figure 1a as an offset between 257 

the wind averages for ascending and descending orbital tracks during certain intervals, where the wind 258 

component perpendicular to the zonal wind direction, i.e. the north-south meridional wind, is large. This is 259 

obviously the case for the nighttime hours between 23–05 LT and the daytime hours between ~10–17 LT for 260 

Longyearbyen and for a few nighttime hours between 23–03 LT for the KEOPS FPI station. 261 

 262 

If the FPI technique, in particular the tri-static measurements for certain periods (Aruliah et al.,2005; Griffin et 263 

al., 2008), allows the determination of specified neutral wind directions, one might consider comparing the wind 264 

magnitudes for the descending and ascending orbital tracks separately for an eastward ±α orientation, 265 

respectively. Here, one should note, that at an observation point with an even higher geographic latitude (ideally 266 

at ~86.2° geographic latitude, where the two branches of one-component observations would be perpendicular 267 
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to each other) it would in principle be possible to derive the full thermospheric horizontal wind vector from the 268 

cross-track accelerometer measurements. This is, strictly spoken, valid in a statistical mean with characteristic 269 

times of a few days, i.e. with the repetition period of ascending and descending orbits over one and the same 270 

high-latitude location.  271 

 272 

The meridional component is much larger than the zonal one during considerable periods of the nighttime 273 

observation. So, to minimize the error in comparing the neutral wind magnitude, it would be better to compare 274 

the full vectors. Already a small error of the measurement orientation could make a large effect on the relatively 275 

small eastward wind component, which could lead us to wrong conclusions about the characteristics of the 276 

differences between FPI and CHAMP accelerometer measurements. The offset between the geographic and 277 

geomagnetic coordinates allows the construction of the full horizontal vector plots as statistical averages taken 278 

over a period of at least 131 days of CHAMP’s precession period in order to cover all local times. This 279 

statistical mapping is limited to magnetic latitudes poleward of about > 60° for both hemispheres (cf. Förster et 280 

al., 2008). 281 

 282 

Figure 3: Geometry illustrating the projection of FPI look direction horizontal wind components onto the CHAMP 283 

cross-track direction for the ascending and descending tracks. 284 

 285 

Figure 3 illustrates the projection of the horizontal wind component from the north and east FPI look directions 286 

onto the cross-track direction of the CHAMP ascending direction. It also illustrates how the average of the 287 

CHAMP ascending and descending winds gives the zonal wind component. The projections of the FPI wind 288 

vectors onto each of the ascending and descending directions are used later in determining the ratio of the 289 

CHAMP/FPI wind magnitudes (see section 5.2 Figure 10). 290 
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Figure 4: CHAMP observations over Longyearbyen during solar minimum 2005-2007. a) All data – ascending (blue) 291 

and descending (red) averages; b) Summer (May-Aug) and c) Winter (end Oct-early Mar). 292 

 293 
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Figure 5: CHAMP observations over KEOPS during solar minimum 2005-2007. a) All data – ascending (blue) and 294 

descending (red) averages; b) Summer (May-Aug) and c) Winter (end Oct-early Mar). 295 

 296 
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Figures 4 and 5 show the corresponding plots to Figs. 1 and 2, but now for low solar activity conditions during 297 

the years 2005-2007. They reveal some differences as, e.g., generally smaller amplitudes and different wind 298 

phases. Here, the zonal wind above KEOPS seems to point eastward during most times of the day except the 299 

morning hours 04–11 LT. 300 

 301 

5.2 FPI average winds 302 

The average winds observed at Kiruna and Longyearbyen are presented in Figures 6 and 7. Local Time is 1 hour 303 

ahead of Universal Time for both sites. The format of these figures is that the plots 6a, 6c, 7a and 7c show the 304 

average zonal wind component, comparing observations from the volumes to the East and West of the site. The 305 

plots 6b, 6d, 7b and 7d show the average meridional wind component from the volumes observed to the North 306 

and South. The full set of cardinal direction measurements, are presented to provide a context for the 307 

comparison with the zonal wind measurements made by CHAMP, especially since the CHAMP y-axis is only 308 

roughly zonal. The standard error of the mean ε is added as an error bar to the FPI East and North data, where ε 309 

= σ/√(N-1), σ is the standard deviation and N is the number of data points. The standard errors of the mean 310 

(rather than the standard deviations) demonstrate the distinctly different trends in the winds observed in the 311 

volumes to the East and West of the sites, i.e. the meso-scale structure of the high-latitude thermosphere. 312 

The periods of data cover the winter months of 2001-2003 and 2005-2007 to match with the CHAMP datasets. 313 

The FPIs cannot measure winds during cloudy periods owing to the scatter of light by the clouds, and are only 314 

able to observe the emission during the hours of darkness. Thus the observing days cannot be identical to the 315 

dates when CHAMP passed overhead of the two sites. Longyearbyen has 24 hours of darkness during the 316 

months of November to January, so there are nearly 24 hours of observations, but the longest period of darkness 317 

at Kiruna is around 18 hours in mid-winter. CHAMP, meanwhile, is able to provide a full 24 hours of 318 

observations from drag measurements. 319 

There are consistent differences in the winds observed to the geographic East and West, or to the North and 320 

South. This is understandable because the Kiruna site is, on average, at the equatorward edge of the auroral oval, 321 

while Longyearbyen is mostly in the polar cap, though towards the poleward edge of the auroral oval. The 322 

expansion and contraction of the auroral oval during an active period means that the northern half of the FPI 323 

field-of-view can be very different from the southern half. In fact, Emmert et al. (2006) have shown that high 324 

latitude neutral winds are better ordered in geomagnetic coordinates of magnetic latitude and magnetic local 325 

time than in geographic coordinates and universal time. The AACGM geomagnetic coordinates shown in Tables 326 

1 and 2 give an indication of how different are the magnetic latitudes for the East and West look directions. 327 

Figure 6 shows average zonal and meridional winds from FPI observations at Longyearbyen. Figs 6a and 6b 328 

show solar maximum years (2001-2003), while Figs 6c and 6d show solar minimum years (2005-2007). Figs 6a 329 

and 6c show the zonal winds to the East and West using the convention of +East, while Figure 6b and 6d shows 330 

the meridional winds to the North and South, using +North. The average standard deviations σ are ±103 ms
-1

 331 

and ±64 ms
-1

 for the solar maximum zonal and meridional winds, respectively. 332 

 333 
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Figs 6a and b show solar maximum (2001-2003) FPI winter average wind components at Longyearbyen for 334 

geomagnetically quiet conditions (0 ≤ Kp < 2-). a) Zonal and b) meridional average winds and the standard errors of 335 

the mean are plotted. North and East are purple lines, while South and West are light blue. 336 

  337 
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Fig 6c and d show solar minimum (2005-2007) FPI winter average wind components at Longyearbyen for 338 

geomagnetically quiet conditions (0 ≤ Kp < 2-). a) Zonal and b) meridional average winds and the standard errors of 339 

the mean are plotted. North and East are purple lines, while South and West are light blue. 340 

 341 

  342 
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Longyearbyen is just within the polar cap. The winds are predominantly antisunward despite the geomagnetic 343 

activity level, since this is the direction for both the pressure gradient and ionospheric convection. As a result, 344 

Longyearbyen observations are a somewhat less obvious indicator of ion-neutral coupling behaviour than 345 

observations at KEOPS in the period 1800-2100 UT. The Longyearbyen solar maximum (2001-2003) winter 346 

winds (day numbers 300-65), during geomagnetically quiet conditions (0 ≤ Kp < 2-) are shown in Figures 6a 347 

and 6b. The zonal winds (Figure 6a) show westward winds before 1800 UT and then eastward winds for ~6 348 

hours which then turn westward. The maximum wind speed is about 200 ms
-1

 eastward between 1800-2400 UT. 349 

The meridional winds (Figure 6b) are slightly northward before 1700 UT, then turn southward until 0600 UT, 350 

and return northward. The maximum speed is about 200 ms
-1

 southward at about 0100 UT. The standard errors 351 

of the mean are around ±30 ms
-1

, however the values vary systematically through the night. Between 1800-2100 352 

UT the standard error is around 3 times larger than between 0300-0900 UT when it is very small. 353 

Figures 6c and 6d show the Longyearbyen FPI winds for clear nights during winter (DOY 300-65) 2005-2007, 354 

geomagnetically quiet conditions (0 ≤ Kp < 2-). There is a full 24 hours of observations in this dataset, and the 355 

extreme quiet of this solar minimum period has provided a large number of observations for this category. The 356 

antisunward flow appears clearly. There is a strong phase lag between the observations to the North and South. 357 

This is puzzling because it cannot be explained in terms of ordering high latitude winds in geomagnetic 358 

coordinates. This category is for the most geomagnetically quiet conditions possible: solar minimum during a 359 

prolonged solar minimum, and the lowest Kp values. Under these conditions the geographic coordinate system 360 

under which the solar flux heating operates, should be the most appropriate. The average standard deviations are 361 

±55 ms
-1

 and ±47 ms
-1

 for the zonal and meridional winds, respectively. The standard errors of the mean are 362 

very small, averaging less than ±10 ms
-1

, though again there is a clear systematic UT-dependent trend. Between 363 

2100-0300 UT the standard error of the meridional wind is about 2-3 times larger than at other times. Between 364 

1500-2000 UT the zonal wind standard error becomes considerably larger. 365 

  366 
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Fig 7a and b show solar maximum (2001-2003) FPI winter average wind components at KEOPS for geomagnetically 367 

quiet conditions (0 ≤ Kp < 2o). a) Zonal and b) meridional average winds and the standard errors of the mean are 368 

plotted. North and East are purple lines, while South and West are light blue. 369 

 370 

  371 
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Fig 7 c and d show solar minimum (2005-2007) FPI winter average wind components at KEOPS for geomagnetically 372 

quiet conditions (0 ≤ Kp < 2-). a) Zonal and b) meridional average winds and the standard errors of the mean are 373 

plotted. North and East are purple lines, while South and West are light blue. 374 

 375 

Figure 7 shows the KEOPS FPI winds for clear nights during winter (DOY 300-65) during geomagnetically 376 

quiet conditions. The general diurnal trends are similar for both solar maximum (Figs 7a, b) and minimum (Figs 377 

7c, d).  The solar minimum data range is 0 ≤ Kp < 2-, but it was necessary to increase the geomagnetic activity 378 

spread for the solar maximum data to improve the statistics, so Figures 7a, b show 0 ≤ Kp < 2o. The meridional 379 

winds show antisunward flow that is predominantly driven by the pressure gradient from dayside EUV heating, 380 

resulting in fairly weak southward winds reaching a maximum value of nearly 100 ms
-1

. The standard errors of 381 

the mean are around ±10-15 ms
-1

. The zonal winds are eastward before 1800UT, reaching a maximum speed of 382 

a few 10s ms
-1

. After 1800 UT the zonal winds turn westward for a few hours and back eastwards around 383 

2100UT. Between 2100-0300 UT the zonal winds reach their maximum speed of up to 80 ms
-1

 before turning 384 
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westward again. The zonal winds are more variable, and their standard errors of the mean are slightly larger than 385 

for the meridional winds, averaging 16 ms
-1

.  386 

The few hours of westward flowing zonal winds during 1800-2100 UT are particularly interesting (Figs 7a and 387 

7c). The westward flow indicates that the winds are briefly under the influence of the clockwise dusk cell of 388 

ionospheric convection. Through collisions between the ions and neutral gas, momentum is transferred to the 389 

neutrals, which diverts them from the direction of the pressure gradient driven anti-sunward/eastward flow. The 390 

action of the centrifugal force balancing the Coriolis force keeps the winds entrained in the cell (Fuller-Rowell 391 

and Rees, 1984). As the KEOPS site passes under the region of the Harang Discontinuity (Harang, 1946), the 392 

FPI West zonal winds turn back to eastward about 40 mins after the FPI East zonal winds. This is because the 393 

KEOPS FPI East observing volume is a horizontal distance of 480 km away from the FPI West volume (note 394 

that the distance between the viewing volumes depends on the altitude of the 630 nm emission). However, note 395 

that at the latitude of KEOPS, the time taken for the Earth to rotate through a distance of 480 km is 46 mins. The 396 

difference between 40 min and 46 min is partly due to the difference in magnetic latitude. It is also due to the 397 

Harang Discontinuity being dependent on the IMF By orientation, resulting in a smearing out of the MLT 398 

interval.  399 

Figures 7c and 7d show the KEOPS FPI winds for clear nights for the years 2005-2007 during winter (day 400 

numbers 300-65), geomagnetically quiet conditions (0 ≤ Kp < 2-). These years were during the unusually 401 

extended solar minimum of the last solar cycle when the solar flux levels were extremely low, and observations 402 

of aurora were rare. Consequently the plasma density was smaller, and the thermosphere was more compressed, 403 

resulting in smaller neutral densities at a given height. Under these conditions the ion drag driver is less 404 

efficient, and the pressure gradients, together with the Coriolis and centrifugal forces, play a larger role. Thus, 405 

although the trends are similar to the solar maximum winds; the zonal winds are strongly eastward throughout 406 

the evening sector. There are no westward zonal winds until after 0300 UT, and generally the wind amplitudes 407 

are smaller. The maximum meridional wind is about 80 ms
-1

 southward around 0300 UT. The maximum zonal 408 

winds are seen to the East, and these are around 100 ms
-1

 eastward in the evening sector and start to increase 409 

westwards towards 100 ms
-1

 by 0600 UT. The average standard errors of the mean are around ± 20 ms
-1

, which 410 

are larger than for solar maximum conditions. 411 

The general trends seen in the northern winter geomagnetically quiet CHAMP zonal winds (Figures 1-2, and 4-412 

5) are also seen in the FPI winds (Figures 6-7). The phases match well for both sites, however, there is a 413 

considerable difference in magnitude. The next two figures (Figures 8-9) show direct comparisons of CHAMP 414 

and FPI winds along the cross-track direction for moderately active conditions (2
-
 ≤  Kp < 4

+
). There is a lot of 415 

modelling effort into studying the active ionosphere-thermosphere, which makes this comparison useful. In 416 

particular it is relevant to the argument in section 6.4 where CHAMP and FPI neutral winds are compared with 417 

typical ion velocities actively observed by ground-based radars at high latitudes. 418 

 419 
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Fig 8 Longyearbyen (Svalbard) winters 2001-2003, 2- ≤ Kp < 4+: average zonal winds measured using CHAMP and 420 

FPI, including standard errors of the mean. These are compared with FPI winds observed by the University of 421 

Alaska in 1980, and the HWM93 model winds.  422 

Figure 8 is a direct comparison between CHAMP cross-track winds at Longyearbyen and several different 423 

sources. The winds represent moderately active conditions (2
-
 ≤  Kp < 4

+
) during winter months (DOY 300-65) 424 

for solar maximum years. The HMW93 model conditions are for the 31
st
 December with ap = 12 (Kp = 3-); 425 

F10.7 =150; height 400 km (Hedin et al., 1996). At Longyearbyen there can be 24-hour coverage by the FPI 426 

owing to continual darkness between November-January. The direct comparison is made by projecting the 427 

components of the FPI and HMW93 (Hedin et al., 1996) wind vectors along the CHAMP ascending and 428 

descending cross-track directions using 𝛼 = ± 13.3°. CHAMP cross-track winds and UCL Longyearbyen FPI 429 

observations are averages for 2001-2003 (a failure occurred in the rotating mirror mechanism in late December 430 

2003 so CHAMP 2004 data were not included). The data are then the averages of the ascending and descending 431 

components to give a zonal wind.  432 

 433 

FPI wind values taken from Figure 9 in the paper by Hedin et al. (1991) are also plotted. These values are 434 

measurements from the University of Alaska FPI that collected Longyearbyen data in 1980, 1981 and 1983. The 435 

aim is to demonstrate that the FPI technique of measuring Doppler shifts gives consistent results, which is 436 

discussed in section 6.2. The U.Alaska FPI winds were an average of the East and West look directions, justified 437 

by the assumption of a uniform horizontal wind field over the field of view. This was a common practice at that 438 

time owing to a) the assumption of a large molecular viscosity of the thermosphere which reduces wind shear, 439 
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and b) the longer exposure times of the earlier FPIs (6-12 minutes) which used photomultipliers with 440 

piezoelectrical scanning of the FPI etalon gap size in order to view the full Free Spectral Range (Deehr et al., 441 

1980). The UCL FPIs were amongst the first FPIs to use fixed gap etalons to image the full FSR onto a 2D array 442 

of pixels. This allowed shorter exposure times, and a rapid cycle of look directions, which consequently 443 

revealed mesoscale spatial and temporal structures of the order of a few 100 km horizontally and minutes (e.g. 444 

Aruliah and Griffin, 2001, Aruliah et al, 2005). During the 1980s and 1990s we used state-of-the-art UCL 445 

designed and built Imaging Photon Detectors (McWhirter et al., 1982). Astrocam Antares cameras replaced the 446 

IPD in the Svalbard FPI from 1998, and in the KEOPS 630 nm FPI in 2002.  However, these cameras had the 447 

disadvantage of slow readout times which were essential for the best noise performance and so time resolution 448 

was compromised. In 2003 the first Electron Multiplying CCDs revolutionised low light level imaging. These 449 

cameras combined superior signal to noise ratio with very fast readout times. The first one was put into service 450 

at KEOPS in 2003, followed by Svalbard in 2005 (McWhirter, 2008). The huge advancement over the last 30 451 

years in low light detectors has allowed atmospheric gravity wave observations using exposure times as little as 452 

10 seconds at auroral latitudes (Ford et al., 2007). Note that the upgrade of the detector is to improve the photon 453 

sensitivity which reduces the error of measurement. It does not change the calibration of the wind speeds. 454 

Any changes of etalon required re-calibration of the measured Doppler shift to calculate winds, as discussed in 455 

section 6.2. The KEOPS FPI used a 10 mm etalon gap up to January 2002, when it was replaced with an 18.5 456 

mm gap etalon. Then in January 2003 a 14 mm etalon was put in, which has been there until the present time. 457 

For the Longyearbyen FPI there was a 14 mm etalon until April 2005, which was replaced with an 18.5 mm 458 

etalon from September 2005 until the present time. 459 

 460 

All sources show generally similar phases, with peak eastward winds in the evening sector, between 18-24UT 461 

and westward winds in the morning sector, between 06-12UT, as expected for anti-sunward flows. Table 2 462 

shows that the AACGM MLT for Longyearbyen is about 2.4 (± 0.8 for the East and West volumes) hours 463 

ahead, so magnetic midnight is approximately at 21.6 UT. The standard errors of the mean are plotted for all 464 

data. The U.Alaska Longyearbyen FPI standard deviations are around ± 150 ms
-1

, which are similar to the UCL 465 

FPI. For the purposes of comparison, a standard error of ± 30 ms
-1

 is plotted for the U.Alaska FPI data, similar 466 

to the average UCL FPI standard error. It was noted in the Hedin et al (1991) paper that for both hemispheres, 467 

the average high latitude winds from the FPIs at Sondrestrom, Longyearbyen and College in the northern 468 

hemisphere, and Mawson in the southern hemisphere, showed a systematically smaller diurnal variation than the 469 

DE 2 satellitemass spectrometer data. The more recent measurements from CHAMP and the UCL FPI are 470 

clearly typically different in magnitude, but consistent with the trend noticed by Hedin et al (1991). The diurnal 471 

amplitude of the UCL zonal winds is about 170 ms
-1

, and for the U.Alaska winds is about 125 ms
-1

. The 472 

CHAMP zonal winds are the largest in magnitude, with a diurnal amplitude of around 300 ms
-1

.   473 

The average of the monthly F10.7 fluxes is 184 for the winter periods Nov-Feb of 1980-81, 1981-82 and 1983-474 

84, and 160 for the winters of 2001-2003. Yet despite the higher average solar flux in 1980, the UCL FPI zonal 475 

wind magnitudes have a significantly larger amplitude than the U.Alaska zonal winds. Closer inspection of the 3 476 

winter periods of 2001-2003 shows a spike in the average monthly F10.7 for November 2001-February 2002 477 

(i.e. <F10.7> is 214 for Nov-Feb 2001-2002;  145 for Nov-Feb 2002-2003; and 123 for Nov-Dec 2003) which 478 
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may account for the 3 winter average UCL FPI winds being larger than for U.Alaska. The geomagnetic activity 479 

levels are similar, averaging Kp values in the range 3
-
 to 3

o
 for all three winters. These are interannual and inter-480 

solar cycle discussions for a later paper. 481 

 482 

Fig 9 Comparison of CHAMP and FPI measurements of KEOPS zonal average winds to the FPI East and West 483 

volumes, including standard errors of the mean, for winters 2001-2003. These are compared the HWM93 model 484 

winds.  485 

 486 

 487 

Figure 9 shows a comparison of the CHAMP zonal winds against the UCL FPI winds at Kiruna/KEOPS for the 488 

solar maximum winters of 2001-2003. The FPI and CHAMP data are selected for moderately active conditions 489 

(2
-
 ≤  Kp < 4

+
) as in Figure 8. At Kiruna the hours of darkness are between 15-06UT for the period November-490 

January. The direct comparison is made by taking the component of FPI and HMW93 (Hedin et al., 1996) wind 491 

vectors in the CHAMP cross-track direction using 𝛼 = ± 7.2°. The UCL FPI average zonal winds for 2- ≤  Kp 492 

< 4+ are shown separately for the East and West look directions. There is a smaller difference between these 493 

look directions than for the Longyearbyen zonal winds. The evening winds for moderately active solar 494 

maximum conditions are around -150 ms
-1

 (westward), and reach a peak of around 70 ms
-1

 (eastward) in the 495 

midnight sector. The AACGM MLT for Kiruna is about 1.9 (± 0.3 for the East and West volumes) hours ahead, 496 

so magnetic midnight is approximately at 22.1 UT, which is the time separating the period of the evening 497 
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eastward electrojet and the morning westward electrojet in magnetic local time coordinates. The behaviour of 498 

the zonal winds shows strong ion-neutral coupling for these moderately active conditions, so that there is a 499 

semidiurnal variation representative of the twin cell ionospheric convection pattern at auroral latitudes. This is 500 

in addition to the day-night diurnal variation of winds driven by the pressure gradient. 501 

 The phase of the CHAMP zonal winds is in good agreement, but the amplitude is considerably larger. The peak 502 

evening wind reaches -200 ms
-1 

(westward) and 200 ms
-1 

(eastward) by 02 UT. What is particularly interesting 503 

about this comparison is the difference between the CHAMP and FPI winds in the period 15-20 UT. The 504 

CHAMP winds are considerably less westward, and are more similar to FPI average zonal winds for 505 

geomagnetically quieter conditions at solar maximum, as shown in Figure 7a. The large standard error of the 506 

mean during the period 15-20 UT shows how sensitive the winds are to ion drag within the dusk cell. 507 

Figure 10a shows the histogram of the frequency distribution of the ratios of CHAMP/FPI 1-hour averaged 508 

cross-track zonal wind magnitudes from Figures 7 and 8. Figure 10b shows the UT dependence. The 509 

Longyearbyen ratios cluster in the range 1.0 - 2.5, while the Kiruna ratios are far more widely spread. Overall 510 

there is a general trend for the satellite wind magnitudes to be larger by a factor of 1.5 - 2.0, with median values 511 

of 1.7 for Longyearbyen (24 hours coverage) and 1.3 for Kiruna (1530-0530 UT coverage). There does not seem 512 

to be any clear pattern when the UT-dependent frequencies of the ratios are plotted in Fig 10b, except for a 513 

tendency for the more extreme ratios to occur during the midnight period, when the 630 nm emission is weakest, 514 

and the FPI winds have the largest error bars. Even if the midnight measurements are excluded, there is a wide 515 

range of values generally greater than 1.0. 516 

 517 
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Fig 10a, b Frequency distribution of the ratios of CHAMP/FPI one-hour averaged zonal wind magnitudes observed 518 

in the winter period for solar max under moderately active conditions (2- ≤ 𝑲𝒑 < 4+) for Longyearbyen (blue) and 519 

KEOPS (red). Fig 10a shows the frequency distribution of the CHAMP/FPI ratios, and Fig 10b shows the UT 520 

dependence of the ratios. 521 

6. Discussion 522 

We have shown that there is a similar phase, but a considerable difference between the average zonal wind 523 

magnitudes measured by the CHAMP satellite and the ground-based FPIs for a polar cap and auroral site during 524 

northern winter months. Our premise is that the large molecular viscosity of the upper thermosphere should 525 

minimise any vertical structure in the winds above around 250 km altitude. The difference in wind magnitudes 526 

could have various explanations. It could be that A) we are mistaken about the vertical structure of winds; or B) 527 

that there is a problem with the scaling of the two methods of measurement; or C) the measurement procedures 528 

introduce differences, e.g. in-situ versus remote integration; comparison of different spatial and/or temporal 529 

resolutions. There may be other, unexpected, reasons for the mainly amplitude differences in the measurements. 530 
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With respect to hypothesis A: the CHAMP satellite zonal average cross-track winds are of a similar magnitude 531 

to the original GOCE satellite winds (Liu et al., 2016 and Visser et al., 2019), and to the UCL CMAT2 model 532 

simulations. However, while the CHAMP satellite altitude was between 350-400 km, the GOCE satellite had an 533 

unusually low altitude around 250 km, which was close to the FPI 630 nm emission peak altitude. The CMAT2 534 

winds are typical of values from other GCMs, which were largely calibrated against measurements by satellites 535 

in the 1970s and 1980s, in particular the DE-2 satellites. Killeen et al (1984) found a good agreement between 536 

the FPI at Longyearbyen (then called the University of Ulster FPI, and subsequently the University of Alaska 537 

FPI) for observations in December 1981. Though later Hedin et al. (1991) found that on average the satellite 538 

wind measurements were larger. The DE-2 satellite measurements were made using the Wind and Temperature 539 

Spectrometer (WATS), rather than derived from satellite drag measurements. The DE-2 satellite flew from 540 

August 1981 to February 1983, which means that the average monthly F10.7 flux included some of the highest 541 

solar flux values of the last 30 years. This may account for why physical and empirical GCMs calibrated from 542 

that period have such large wind values. In contrast, tThe two decades since 2000 have recorded the most 543 

sustained and low F10.7 flux levels since the satellite era began. However, it is also possible that the fact that 544 

two different methods of satellite measurements gave winds systematically larger than ground-based FPI 545 

measurements might support the existence of a vertical structure in the upper thermosphere. 546 

With respect to hypothesis B: the satellite drag community are already aware of a scaling issue. Defining the 547 

drag coefficient is the largest source of error. Bruinsma et al (2014) had to multiply GOCE densities by a factor 548 

of 1.29 to match the real-time High Accuracy Satellite Drag Model (Storz et al., 2005). HASDM uses data 549 

assimilation from the orbits of 75-85 inactive payloads and debris over 200-900 km altitude that are tracked by 550 

the Space Surveillance Network (SSN) and is considered a benchmark by that community. Recently March et al. 551 

(2019), reanalysed thermospheric densities derived from very precise satellite accelerometers and GPS 552 

acceleration using high fidelity satellite geometries. The densities for all the spacecraft surveyed were greater 553 

than those derived using surfaces defined by flat panels; and more consistent with each other. The CHAMP and 554 

GOCE densities were found to be 11% and 9% larger. Although there is no simple link between densities and 555 

winds, this re-scaling of densities gives an indication that it may be necessary to scale winds down for the same 556 

measured acceleration (see section 6.3 and Eq. 56). 557 

With respect to hypothesis C – the assumptions of the FPI and CHAMP measurement techniques are discussed 558 

in the following sections 6.1-6.3. 559 

6.1 Considering the molecular viscosity of the upper thermosphere 560 

Let us first consider hypothesis A, that the CHAMP and ground-based FPI average zonal measurements are both 561 

correct, and that the factor of 1.5-2.0 difference in wind magnitudes is due to the 100-150 km difference in the 562 

altitude of the measurements. Conventional fluid dynamics theory predicts that the molecular viscosity is very 563 

high in the upper thermosphere owing to the very low particle densities at these altitudes. The viscosity of a 564 

fluid determines how resistant it is to shear forces that cause adjacent layers to move at different speeds. 565 

Turbulent viscosity dominates the atmosphere below about 100 km, but molecular viscosity dominates the upper 566 

atmosphere. The molecular viscosity of the upper thermosphere is very large, and in the CMAT2 model the 567 
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molecular viscosity η, is given by Eq. (2) (Harris, 2001; Hood, 2018) which is the SI version, based on Dalgarno 568 

and Smith (1962) where it is given in units of micropoise. 569 

 

0.71

54.5
1000

T
e   

  
 

 (2) 570 

As a consequence of large viscosity, there is little shear between the different altitude layers above ~200 km for 571 

both winds and neutral temperatures (hence the name thermosphere representing an iso-thermal behaviour). The 572 

issue raised in this paper is that the difference between CHAMP and FPI wind magnitudes is too large to be 573 

consistent with the assumption of large viscosity over this range of altitudes.  574 

  575 
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Fig 11 CMAT2 zonally averaged zonal winds for 00UT at December solstice 2008 (solar minimum conditions) to 576 

demonstrate the effect of drastically reducing the molecular viscosity in order to raise the altitude where winds 577 

become independent of altitude. The left panel shows isobars for a standard simulation, while the right panel 578 

represents a simulation where the molecular viscosity is 100 times smaller (from Hood, 2018). 579 

  580 
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Figure 11 shows two versions of the CMAT2 zonally averaged zonal winds for 00 UT for December solstice 581 

2008 (solar minimum conditions) from Hood (2019). These are latitude-height plots, where the height is from 582 

15 km to 300 km. From about 250 km the contour lines become near vertical because the large molecular 583 

viscosity of the upper thermosphere minimises the shear in the winds. The left hand plot is the standard run 584 

using standard values of molecular viscosity. The right hand plot shows the contours for a simulation where the 585 

molecular viscosity has been reduced by a factor of 100. The variation of the molecular viscosity with respect to 586 

temperature (and consequently height for our purposes) has been tested theoretically and experimentally by 587 

Dalgarno and Smith (1962), and the factor of 100 is an unrealistic extreme used to test the model. The 588 

consequence is that the height at which contours become vertical is raised to closer to 280 km. This is a small 589 

difference and certainly does not account for the apparent vertical gradient indicated by the difference between 590 

the CHAMP and FPI zonal winds. 591 

Song et al. (2009) state that the fastest acceleration of the neutrals occurs near 350 km in the F layer, where the 592 

effective neutral-ion collision frequency maximizes (see their Figs. 6 and 7). Considering the dynamic character 593 

of frequent changes of the IMF and the magnetospheric convection, the stronger accelerations at F2 layer 594 

heights could result in temporary vertical neutral wind gradients. However, the 1-D model approach neglects 595 

forces due to neutral pressure and effective molecular viscosity in the 3-D continuum of the upper thermosphere. 596 

To describe correctly the long-range coupling on time scales from longer than few seconds to less than 30 min, 597 

the inductive effect (Faraday’s law) as well as the dynamic effect of the neutrals, in particular (acceleration 598 

terms), need to be considered (Song and Vasyliunas, 2013). This poses a challenge for future modelling efforts 599 

of the M-I-T system. 600 

To end this section on the molecular viscosity of the upper thermosphere, two papers are referenced that report 601 

observations and suggest other possible mechanisms to support winds varying with height. Recently Vadas and 602 

Crowley (2017) published results from observations of 10 Travelling Ionospheric Disturbances at ~283 km 603 

altitude, observed in 2007 with the TIDDBIT ionospheric sounder near Wallops Island, USA. They used ray 604 

tracing on the TIDs and simultaneously measured a peak in the neutral wind at ~325 km altitude using a 605 

sounding rocket. They found a serious discrepancy between where the gravity waves were predicted to dump 606 

energy using conventional dissipative theory, and the observations from TIDDBIT and the rocket. Conventional 607 

theory predicted that all the gravity waves should have dispersed at a scale height below the rocket 608 

measurement. Consequently they have challenged convention and proposed that the molecular viscosity should 609 

not increase as rapidly with altitude above 220 km. This may account for some of the difference between the 610 

CHAMP and FPI zonal winds, but will need to be tested in future modelling studies. 611 

The second paper by Song et al. (2009) states that the fastest acceleration of the neutrals occurs near 350 km in 612 

the F layer, where the effective neutral-ion collision frequency maximizes (see their Figs. 6 and 7). Considering 613 

the dynamic character of frequent changes of the IMF and the magnetospheric convection, the stronger 614 

accelerations at F2 layer heights could result in temporary vertical neutral wind gradients. However, the 1-D 615 

model approach neglects forces due to neutral pressure and effective molecular viscosity in the 3-D continuum 616 

of the upper thermosphere. To describe correctly the long-range coupling on time scales from longer than few 617 

seconds to less than 30 min, the inductive effect (Faraday’s law) as well as the dynamic effect of the neutrals, 618 
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(in particular (acceleration terms), need to be considered (Song and Vasyliunas, 2013). This poses a challenge 619 

for future modelling efforts of the M-I-T system. 620 

 621 

 622 

6.2 FPI Doppler shift to wind speed procedure 623 

Hypothesis B is that the FPI and/or CHAMP observations may need to be re-scaled. To start with the FPIs we 624 

will look at the calculation of the Doppler shift and then at the height integration procedure of a ground-based 625 

FPI. 626 

The calculation of the wind speed requires few assumptions, though the process of fitting the FPI fringes is more 627 

complicated (e.g. Makela et al., 2011). The wind speed u is determined from the Doppler shift of the wavelength 628 

∆λ of the moving volume of gas which emits at wavelength λ, where the free-space wavelength is λo and the 629 

speed of light c (Eq. 3). 630 

 1o o

u

c
   

 
    

 
 (3) 631 

The speed of the volume of gas u is given by Eq. (4), which is proportional to the ratio of the Doppler shift in 632 

fringe peak position (in bins) ∆x; and the free spectral range (FSR), ∆xFSR. The FSR is the equivalent wavelength 633 

shift to re-position a fringe from overlapping one order of the baseline wavelength λo, to the next order. The 634 

other terms in Eq. (4) are the refractive index μ of the medium between the etalon plates and the separation of 635 

the plates, d (Hecht and Zajak, 1980).  636 
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The etalon gap is evacuated so μ=1, and the other parameters are known. Thus for example, for an etalon gap d 638 

= 10 mm, emission λo = 630 nm, free spectral range ∆xFSR = 150 bins, a Doppler shift of 1 bin (∆x = 1 bin) 639 

would represent a wind of 63 ms
-1

. 640 

All the parameters for the scaling of the FPI winds in this equation are known. There is the issue of determining 641 

the zero Doppler shift baseline because there is no laboratory source of the excited atomic oxygen. However, the 642 

method used to determine the baseline (i.e., using a helium-neon source with the assumption that the vertical 643 

component of the wind is negligible) introduces an average systematic offset error of at most 10-20 ms
-1

, which 644 

is small compared with horizontal wind magnitudes (Aruliah and Rees, 1995).  645 

 646 
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Fig 12 left: height profile of CMAT2 zonal winds at Svalbard. Right: height profile of the red line emission intensity 647 

profile from the Vlasov et al (2005) model. 648 

Figure 12 illustrates how ground-based FPIs make measurements of the neutral winds at 240 km altitude. The 649 

left plot shows a height profile of the CMAT2 zonal mean zonal winds at the latitude of Longyearbyen. There 650 

are 6 simulations to demonstrate the effect on the height profile of the zonal mean zonal winds when changing 651 

the viscosity. CMAT2 uses a viscosity term that is the weighted mean divided by the scale height of two 652 

coefficients of viscosity: the molecular viscosity 𝜇𝑚; and the turbulent viscosity 𝜇𝑡. The simulations represent a 653 

comparison with the original molecular viscosity (dark blue). The other lines are for low (yellow - divided by 654 

100) and high molecular viscosities (pink - doubled). The low and high turbulent viscosities are represented by 655 

the Prandtl numbers 0.7 (red) and 100 (green), where 2 is the default value used in CMAT2. The Prandtl number 656 

is related to the height at which gravity waves deposit momentum (Liu et al., 2013) and so may have relevance 657 

for the Vadas and Crowley experiment (2017). The light blue line labelled “Mata” is an intermediate profile. As 658 

can be seen, the molecular viscosity dominates in the thermosphere above 100 km and at the altitudes where the 659 

FPI is measuring. The dark blue and yellow lines are representative of a vertical slice of Figure 11 left and right, 660 

respectively, for the latitude of Longyearbyen. 661 

The right hand plot of Figure 12 is a CMAT2 height profile of the 630 nm (red) line emission intensity based on 662 

the Vlasov et al. (2005) model at 00UT, 06UT, 12UT and 18UT. The red line emission at night is dominated by 663 

dissociative recombination of molecular oxygen (O2
+
 + e -> O* + O). The altitude distribution of the 630 nm 664 

emission has a peak emission altitude of between 220-250 km. However, the emission profile also has a full 665 
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width at half maximum intensity of around 50-70 km, i.e. sampling altitudes tens of km below and above the 666 

emission peak. The ground-based FPI observes a height-integration of the emission along the line-of-sight. The 667 

measured Doppler shift is therefore an integration of the Doppler shifts at all altitudes, weighted by the emission 668 

profile. However, there are several reasons to justify why we are confident that the FPI provides a good sample 669 

of the winds at ~240 km altitude. The excited atomic oxygen state in the O (
1
D-

3
P) transition is a forbidden 670 

transition with a long life-time of ~110 sec (Bauer, 1973), which allows the excited atoms to thermalise before 671 

emission and be representative of the surrounding gas. Below 200 km the molecular composition increases 672 

significantly, and the long lifetime means that the 630 nm emission is quenched due to molecular collisions with 673 

N2 and O2. Consequently we can assume there is minimal contribution of Doppler shifts from below 200 km 674 

altitude, which is a region where the neutral wind magnitude has a large height dependence (note that the 675 

emission intensity x-axis is a log scale; and that the horizontal winds at 100 km altitude are a few tens of ms
-1

 676 

while at 250 km altitude are a few hundreds of ms
-1

). Above the altitude of the emission peak the flux falls off 677 

rapidly with altitude, and also with distance from the FPI, which minimises the contribution of winds from the 678 

region above. In addition, above 250 km the wind magnitudes begin to reach an asymptote. It therefore would 679 

be expected that the satellites and ground-based FPIs should see very similar speeds and phases. With respect to 680 

the FPI measured winds, the contribution of winds below the peak emission height may result in a small 681 

underestimate of the winds at ~240 km altitude, which is investigated later in this section by modelling. 682 

The tristatic FPI experiments by Aruliah et al (2005) and bistatic experiments by Anderson et al (2012) 683 

indicated that the winds, neutral temperatures and 630 nm intensities were closely matched if the geometry 684 

assumed an emission altitude of around 240 km. However, during auroral activity, when there is E-region 685 

precipitation, the red line emission altitude can be lower, perhaps as low as 200 km. This means that the FPI 686 

samples lower altitudes. Recently Gillies et al. (2017) used all-sky imagers to triangulate the peak emission 687 

height of the 630 nm emission. They found that discrete auroral arcs showed a characteristic height of 200km. 688 

The effect of particle precipitation in lowering the emission height was earlier noted by Sica et al. (1986). They 689 

illustrated how decreased thermospheric temperatures measured by a Fabry-Perot spectrometer at College, 690 

Alaska, were consistent with lower MSIS temperatures (Hedin et al., 1977) when weighted by a modelled 691 

emission height profile. However, aurorae are limited to high latitudes and occur infrequently as illustrated by 692 

Figure 13, which shows the frequency distributions of Kp values for the years (top) 2001-2003 representing 693 

solar maximum; and (bottom) 2000-2009, i.e., for most of the period of the CHAMP lifetime. Aurora generally 694 

occur during active periods when Kp > 4-5. Thus emission heights of 200 km are the exception rather than the 695 

rule, and affect the average only minimally. 696 
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Fig 13 Frequency distribution of Kp values. Top: 2001-2003 representing solar maximum. Bottom: 2000-2009 697 

covering most of the period of the CHAMP lifetime. 698 

Fig 14 top: CMAT2 zonally averaged zonal winds for a quiet day on 1st December 2007 at Longyearbyen (left) and 699 

Kiruna (right) for the winds at 180, 200 and 240km for comparison with the height integrated winds weighted using 700 

an emission intensity profile from the Vlasov et al (2005) model. Bottom: the same for active conditions on 20th March 701 

2015. 702 
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 703 

In order to assess by how much the FPI height integration method is underestimating winds, CMAT2 winds at 704 

240 km are compared to a column integration average of CMAT2 winds weighted by the emission intensity 705 

profile.  Here the Vlasov et al (2005) model is applied with constants provided by Yiu (2014), and with CMAT2 706 

winds interpolated to 10 km intervals for the integration.  Figure 14 compares the CMAT2 zonally averaged 707 

zonal winds at three heights: 180 (blue), 200 (green) and 240 km (black) with height integrated winds (red) for a 708 

quiet day run on the 1
st
 December 2007 (top panels) and an active day run on the 20

th
 March 2015 (bottom 709 

panels) for both Longyearbyen (left column) and Kiruna (right column). Figure 15 outlines the CMAT2 model 710 

global view of the unweighted and weighted winds at 240km for 00, 06, 12 and 18UT. 711 

  712 
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Fig 15: CMAT2 global zonal winds for a quiet day on 1st December 2007 for the winds at 240km and the height 713 

integrated winds weighted using an emission profile from Vlasov et al (2005) model.  From top left: 0UT, 6UT. From 714 

bottom left: 12UT, 18UT. 715 

 716 

Figure 14 indicates that there are some significant differences between zonally averaged zonal winds with or 717 

without height integration. The lower the altitude, the smaller the wind magnitude. There is also a slight change 718 

in phase (to aid the eye these are indicated by vertical dashed lines placed at turning points for the weighted 719 

winds). This is due to the increased collision frequency at lower altitudes due to greater density, and the 720 

consequent shift in balance between pressure gradient and ion drag. When we look at the averaged diurnal 721 

variation of the CHAMP and FPI winds, their phases are almost exactly the same. This would not be the case if 722 

the FPI was observing winds dominated by Doppler shifts at 190 km altitude, where the phase would be 723 

significantly different because the pressure gradient increases its dominance at lower altitudes. Comparing the 724 

CMAT2 December 2007 model zonally averaged zonal winds at 240 km with the height integrated winds, the 725 

most significant difference is for Longyearbyen during quiet conditions, which on calculating overall mean 726 

values produces a 19% difference, that during active conditions reduces to a difference of 12%. The reverse 727 

seems the case for Kiruna as the mean percentage difference increases from 3% to 14% between the quiet and 728 

active days respectively. Note that the wind speed scales are different for each panel. For each time-series there 729 

is no simple systematic trend. Figure 15 demonstrates these dissimilarities on a global scale; here the zonal 730 

winds appear to be slightly more westward, as the eastward winds are diminished and the westward winds 731 

enhanced. However, this is not the case for all times of day shown here, and does not visibly affect the wind 732 

distributions to any large extent. 733 

 734 
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6.3 CHAMP cross track wind procedure 735 

Satellites have provided global coverage of accelerometer measurements since 2001, in particular, the CHAMP 736 

satellite (e.g. Schlegel et al., 2005) and GRACE satellites (e.g. Tapley et al., 2004). These measurements of 737 

satellite drag have been converted to measurements of thermospheric mass density (e.g. Liu et al., 2005) and 738 

cross-track thermospheric wind measurements (e.g. Sutton et al, 2007, Liu et al., 2006, Förster et al., 2008). 739 

Thermospheric mass density was primarily estimated using Eq. 5 where a is the satellite acceleration, ρ the 740 

neutral mass density of the air, Cd refers to a dimensionless drag coefficient, using a constant frontal area Aref of 741 

the satellite with mass m, and total velocity V relative to the atmosphere in the ram direction given by the unit 742 

vector 𝑣̂. This equation has been used for a first simple cross-track wind estimation, where the area and wind 743 

component were replaced by the horizontal side view and neutral wind direction perpendicular to the bulk flow, 744 

respectively. 745 

𝑎 =  −
1

2
𝜌

𝐶𝑑

𝑚
𝐴𝑟𝑒𝑓𝑉2𝑣      (5) 746 

For the first analysis, Liu et al. (2005) explained that they used a fixed drag coefficient value of Cd = 2.2. This is 747 

a de-facto standard value used for compact satellite orbit computations since the 1960s (e.g. Cook, 1965). This 748 

value was adopted by Jacchia when constructing his thermosphere density model, based on physical drag 749 

modelling of spherical satellites (Jacchia and Slowey, 1972).  The drag coefficient is acknowledged to be very 750 

difficult to quantify, as is discussed extensively by, for example, Moe et al. (1995). The importance of the value 751 

of Cd is acknowledged by Liu et al (2006) and others who use the data, since it affects the scaling of the density 752 

and wind calculations. However, their interest was in the relative density and wind structures, rather than 753 

absolute values.  754 

Since then the analysis has been refined considerably by taking into account lift, sideways, as well as drag 755 

forces on the satellite, resulting in smaller wind magnitudes as described by Doornbos et al. (2010). The GOCE 756 

satellite winds are closer in magnitude to ground-based FPI measurements (Dhadly et al., 2017), though still 757 

systematically larger in magnitude, where the difference has been found to increase with latitude. The 758 

systematic residual line-of-sight GOCE wind varied between 20 ms
-1

 at 50° MLAT to a maximum 150 ms
-1

 at 759 

85° MLAT (see Figure 2 from Dhadly et al., 2018).  760 

Another consideration is that CHAMP measures the cross-track wind component (Figures 1-2 and 3-4) which 761 

deviates from the pure zonal direction as measured by the FPIs (Figures 6 and 7). The geometry can be critical, 762 

in particular for the high-latitude Longyearbyen FPI, because the cross-track deviates from the zonal direction 763 

by about 13.3° in each direction respectively for the ascending and descending orbits. The meridional wind 764 

component at these high latitudes is much larger than the zonal one, so that the larger CHAMP measurements at 765 

this FPI could also (at least partially) be due to an “admixture” of the meridional wind component and the zonal 766 

wind. This has been discussed in section 5.1 to account for the difference between the average zonal winds 767 

measured during the ascending and descending orbits. To deal with this the UCL FPI zonal winds observed to 768 

the East and West are projected onto the CHAMP ascending and descending cross-track directions, and then 769 

averaged into 1-hour bins, thus replicating the CHAMP zonal wind averages (see Figures 7 and 8). Despite this 770 
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re-calculation there is a wide range of values of the CHAMP/FPI ratios (see Figure 10a, b), which reinforces the 771 

message that the satellite aerodynamic coefficients are difficult to determine absolutely, which is in addition to  772 

some systematic factor between the CHAMP and FPI measurements. This difficulty is well known in the 773 

satellite engineering community, but perhaps less so in the aeronomy community. 774 

 775 

6.4 Comparison with EISCAT radar ion velocities 776 

Finally, a very important consideration is how the average winds compare with ion velocities. At high latitudes 777 

the ion velocities are generally larger than the neutral winds owing to the E x B drift driven by the 778 

magnetospheric electric field. Davies et al (1995) provided a statistical analysis of E- and F- region ion 779 

velocities observed on 20 March 1996 in order to compare measurements by the EISCAT incoherent scatter 780 

radars and the CUTLASS coherent scatter radar. The scatter plot of ion velocities from this study (their Figure 781 

5) indicated a cluster of values in the range of a few hundred ms
-1

, with only a small fraction of measurements 782 

greater than 500 ms
-1

.  783 

Fiori et al (2016) compared ion velocities measured by the Electric Field Instrument on Swarm with the CS10 784 

statistical ionospheric convection model by Cousins and Shepherd (2010) which is based on 8 years of data 785 

(1998-2005) collected by 16 SuperDARN coherent scatter radars. The climatology represented by the CS10 786 

model in Fiori et al’s Figure 3a indicates speeds in the few hundreds of ms
-1

, while the instantaneous values 787 

along the Swarm satellite pass (their Figure 3d) show much stronger drift peak values on the resolution level of 788 

seconds or shorter. Even after allowing for offsets, their 1-sec resolution corrected cross-track ion drifts achieve 789 

horizontal velocities well over 1,000 ms
-1

, which probably indicates the highly dynamic behaviour in the auroral 790 

regions compared with quasi-stable conditions used for empirical models. However, recently Koustov et al. 791 

(2019) compared the Swarm cross-track ion drifts with the SuperDARN radar network and found that the 792 

Swarm ion velocities are a factor of 1.5 larger. They suggest reasons for the disparity, including refining the 793 

calibration of Swarm and the differences in spatial/temporal resolution. 794 

Aruliah et al. (1996) presented the seasonal and solar cycle variation of hourly averaged ion velocities from 300 795 

days of EISCAT Tromsø UHF radar measurements between 1984-1990. The tristatic EISCAT radar 796 

observations for an altitude of 275 km were collected from Common Programmes 1, 2 and 3, at time resolutions 797 

of 2-3 mins, with full 24 hours coverage. The hourly averaged ion velocities for December solstice periods were 798 

up to 100-200 ms
-1

, and the largest average ion velocities were around 300 ms
-1

 during the March equinox 799 

period at solar maximum. Aruliah et al. (2005) later reported observations of a common volume using a 800 

configuration of tristatic FPI observations of the thermospheric winds and temperatures co-located with tristatic 801 

EISCAT radar measurements of ionospheric parameters at 250 km altitude. The observations showed that the 802 

neutral winds were on average around 50% of the magnitude of the ion velocities when averaged over 15 min.  803 

Griffin et al. (2004) determined seasonal and solar cycle climatologies of meridional winds at Kiruna using FPI 804 

Doppler shifts, and derived from field-aligned ion velocities (Salah and Holt, 1974), which were compared with 805 

physical (CTIM, Fuller-Rowell et al., 1988) and empirical models (HWM, Hedin et al, 1988; MWM, Miller et 806 

al., 1997). The climatologies all showed meridional winds up to ~250 ms
-1

. Although this method does not give 807 
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the zonal wind magnitude, it gives some indication of typical magnitudes owing to the diurnal variation of 808 

winds seen by a single site as the Earth rotates.  809 

Förster et al. (2008) presented a statistical comparison of observed averaged neutral wind velocities within the 810 

polar cap (magnetic latitudes > 80°) for the year 2003 showing the dependence on the IMF orientation based on 811 

statistical analyses of CHAMP accelerometer data with average ion drift estimates for the same time interval 812 

and IMF conditions based on EDI Cluster measurements. These comparisons were done for both the Northern 813 

and the Southern Hemisphere separately in their Tables 1 and 2, respectively. Depending on the IMF clock 814 

angle orientation, the ratio between average neutral wind magnitudes and average ion drift speeds varies 815 

between about 60% and around 100%.  Interestingly, there is a characteristic interhemispheric difference with 816 

respect to the IMF orientation and slightly larger ion drift velocities on average in the Northern Hemisphere (cf. 817 

Förster and Cnossen, 2013; Förster et al., 2017), but the overall average amounts to a ratio of about 0.90 to 0.95 818 

for, note well, within the polar cap region > 80° magnetic only.  The FPI in Longyearbyen at 75.4° N (see Table 819 

2) comes closest to this region. Ion drag is the dominating forcing term here for the neutral gas, while near the 820 

auroral oval, where the KEOPS FPI station in Kiruna at 65.1° N is located, the balance between the different 821 

forces, in particular pressure gradient terms, Coriolis and centrifugal forces, and ion drag, play a role. There the 822 

ratio between the average neutral wind and ion drag magnitudes is certainly smaller, corresponding to the 823 

EISCAT observations cited above. 824 

 825 

7 Conclusions 826 

 827 

A comparison is presented here of thermospheric zonal winds during winter months between 2001-2007 828 

measured by the CHAMP satellite in the altitude region 350-400 km, and by ground-based FPIs, at Kiruna and 829 

Longyearbyen, measured at about 240 km altitude. The satellite accelerometer measurements of drag are used to 830 

derive cross-track winds, while the FPIs use the Doppler shift of the 630 nm emission. The satellite 831 

measurements are collected for a region within 2° latitude of the FPI sites, which is within the field of view of 832 

the FPI East and West look directions. The phases of the winds agree very well, but the CHAMP average zonal 833 

winds are a factor 1.5-2.0 larger than the FPI average zonal winds. The factor is not simple. In particular there is 834 

a difference in the factor for the auroral site and the polar cap site, so it appears that the factor is dependent on 835 

location, possibly latitude. The factor also appears to have an irregular time dependence. 836 

The UCL Longyearbyen FPI winds are consistent with FPI measurements made 20 years previously by the 837 

University of Alaska using a different FPI and detector (photometer in 1980, EMCCD in 2001). Earlier studies 838 

of average ion velocities from the EISCAT Tromsø UHF radar compared with the UCL FPI at KEOPS indicate 839 

that in the auroral zone the average ion velocities are about twice the average neutral wind speeds (Aruliah et al., 840 

1996 and 2005). However, the CHAMP average zonal winds at KEOPS presented here have magnitudes similar 841 

to the average ion velocities of the December solstice values presented by Aruliah et al (1996). This is probably 842 

the key argument indicating that the CHAMP magnitudes are too large. It is important to determine the absolute 843 

wind values correctly since the difference between the ion flow and neutral wind vectors determine the 844 

acceleration of the neutral gas, and the amount of Joule heating of the thermosphere. 845 
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Satellites play a crucial role in upper atmosphere research by filling in the extensive gaps between ground-based 846 

observations. But for satellite drag measurements, we note that satellite aerodynamic coefficients are difficult to 847 

determine absolutely. Satellites provide 3-dimensional coverage at high spatial resolution, in addition to high 848 

temporal resolution. Meanwhile, ground-based instruments are sparse, land-based, and not always operational 849 

on a 24/7 basis owing to operational costs (e.g. incoherent scatter radars) or observing constraints (e.g. only 850 

night-time and clear sky observations for optical instruments). Having uncovered this discrepancy between 851 

ground-based FPI optical measurements and satellite drag measurements of winter winds, it is imperative to 852 

determine if it is a real altitude dependence, or if some re-scaling of winds, is necessary for winds determined 853 

from either, or both, of FPI height-integrated Doppler shifts or satellite drag measurements.  Both possibilities 854 

will affect our current modelling of the upper atmosphere. We may also need to rethink the procedure of 855 

comparing different spatial and temporal resolutions of in-situ satellite versus remote ground-based FPI 856 

measurements a.t high latitudes. in terms of the geometry of cross-track winds at high latitudes.  857 
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Response to reviewers 2
nd

 set of comments 1090 

We thank the two reviewers for taking extra time for a second look at our paper and make the 1091 

following comments and changes from their suggestions for minor corrections. 1092 

Response to Reviewer 1 1093 

 1094 

The revised paper has improved greatly. However, I still have some issues in the current 1095 

version. Since I did not raise those issues earlier, I am not going to insist revisions to the 1096 

paper. With the exception of the Equ 2, I think should be revised. 1097 

 1098 

1) I still don’t understand the rational for including the U.Alaska FPI data in the 1099 

discussion here. 1100 

 1101 

“The calibration of FPIs is an important section attempting to understand the 1102 

discrepancy in the CHAMP-FPI winds. The University of Alaska FPI measurements 1103 

at Longyearbyen, made in the early 1980s, are used to show that their FPI 1104 

measurements are consistent in phase with the UCL FPI measurements 20 years 1105 

later. They are also of a magnitude closer to the UCL FPI than the CHAMP winds. 1106 

Even then Hedin et al. (1991) noted that the U.Alaska ground-based FPI zonal wind 1107 

magnitudes in 1980 showed smaller magnitudes than satellites.” 1108 

 1109 

I don’t think you need almost 40-year old U.Alaska data to prove the UCL FPI data 1110 

are of good quality. You have many publications in the past using the UCL FPI data, 1111 

which should be sufficient to prove you have good data set. Most of FPIs do not have 1112 

40-year data to compared with. 1113 

 1114 

Thank you for the supportive statements about the UCL FPI dataset, this is appreciated. 1115 

As we state in the last paragraph of the Introduction, and again in the first paragraph of the 1116 

Discussion section, there are various possible reasons for the discrepancy between the FPI 1117 

and CHAMP winds. Either a calibration problem with one or the other; or that horizontal 1118 

thermospheric winds vary with height above 250 km altitude; or the different spatial and/or 1119 

temporal resolutions are crucial and inherent for the differing (in-situ versus remote) 1120 
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measurement techniques. The point of showing the U.Alaska FPI data is to confirm that there 1121 

is no anomalous offset in the UCL dataset, which is augmented by explaining the procedure 1122 

and assumptions used in determining wind speeds from line-of-sight measurements (section 1123 

6.2 FPI Doppler shift to wind speed procedure). 1124 

2) Here you still have another loose end. “Even then Hedin et al. (1991) noted that the 1125 

U.Alaska ground-based FPI zonal wind magnitudes in 1980 showed smaller 1126 

magnitudes than satellites. “ 1127 

Thirty years ago, we did not have accelerometer data to compare with. Hedin et al. 1128 

were talking about the comparisons between the wind data from DE-2, which is a 1129 

combination of the FPI and WATS in-situ observation. If there were discrepancy 1130 

between ground-based and satellite observations then, that was a totally different 1131 

comparison with different technologies. It is hard to relate that discrepancy with the 1132 

one at hand. 1133 

 1134 

Again we are trying to check whether it is a method/calibration problem, or a real height 1135 

dependence. We have added the following sentence to emphasise this, and hopefully spark 1136 

further investigations. 1137 

“However, it is also possible that the fact that two different methods of satellite 1138 

measurements gave winds systematically larger than ground-based FPI measurements might 1139 

support the existence of a vertical structure in the upper thermosphere.” 1140 

 1141 

3) The paper is a little bit unbalanced. The paper is more focused on possible issues 1142 

related to the FPI but not so much with CHAMP data. It should be obvious that the 1143 

issue is with CHAMP. Perhaps, the authors should at least promise something to be 1144 

done in future studies.  1145 

Section 6.3 (CHAMP cross track wind procedure) already aims to indicate the efforts that 1146 

have gone into refining the derivation of winds from drag. This section helps to highlight to 1147 

the aeronomy community that the drag scaling factor is very difficult to determine. We have 1148 

added the following sentence to the end of section 6.3:  1149 

“This difficulty is well known in the satellite engineering community, but perhaps less so in 1150 

the aeronomy community.” 1151 

and the final paragraph of the conclusion (section 7): 1152 
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“But for satellite drag measurements, we note that satellite aerodynamic coefficients are 1153 

difficult to determine absolutely” 1154 

 1155 

4) The Song (2009) paper does not add much to the discussion about the discrepancy. 1156 

Same for the Vadas and Crowley’s paper. Those two papers were not well explained. 1157 

I leave the authors to decide to keep them or not.  1158 

 1159 

These two papers are relevant to provide other measurements indicating vertical structure, 1160 

and suggestions of other possible mechanisms. So we have left them in, but the order of 1161 

the paragraphs in which they appear has been reversed in order to improve the flow. 1162 

 1163 

To end this section on the molecular viscosity of the upper thermosphere, two papers are referenced that report 1164 

observations and suggest other possible mechanisms to support winds varying with height. Recently Vadas and 1165 

Crowley (2017) published results from observations of 10 Travelling Ionospheric Disturbances at ~283 km 1166 

altitude, observed in 2007 with the TIDDBIT ionospheric sounder near Wallops Island, USA. They used ray 1167 

tracing on the TIDs and simultaneously measured a peak in the neutral wind at ~325 km altitude using a 1168 

sounding rocket. They found a serious discrepancy between where the gravity waves were predicted to dump 1169 

energy using conventional dissipative theory, and the observations from TIDDBIT and the rocket. Conventional 1170 

theory predicted that all the gravity waves should have dispersed at a scale height below the rocket 1171 

measurement. Consequently they have challenged convention and proposed that the molecular viscosity should 1172 

not increase as rapidly with altitude above 220 km. This may account for some of the difference between the 1173 

CHAMP and FPI zonal winds, but will need to be tested in future modelling studies. 1174 

The second paper by Song et al. (2009) states that the fastest acceleration of the neutrals occurs near 350 km in 1175 

the F layer, where the effective neutral-ion collision frequency maximizes (see their Figs. 6 and 7). Considering 1176 

the dynamic character of frequent changes of the IMF and the magnetospheric convection, the stronger 1177 

accelerations at F2 layer heights could result in temporary vertical neutral wind gradients. However, the 1-D 1178 

model approach neglects forces due to neutral pressure and effective molecular viscosity in the 3-D continuum 1179 

of the upper thermosphere. To describe correctly the long-range coupling on time scales from longer than few 1180 

seconds to less than 30 min, the inductive effect (Faraday’s law) as well as the dynamic effect of the neutrals, 1181 

(in particular acceleration terms), need to be considered (Song and Vasyliunas, 2013).  1182 

5) The last sentence is pretty vague “We may also need to rethink the procedure of 1183 

comparing different spatial and temporal resolutions of in-situ satellite versus remote 1184 

ground-based FPI measurements in terms of the geometry of cross-track winds at 1185 

high latitudes. “If you have issue with the CHAMP winds, then changing geometry is 1186 
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not going to fix the problem. 1187 

 1188 

We have deleted the phrase “in terms of the geometry of cross-track winds” from this 1189 

sentence and from the last sentence in the manuscript on lines 846-847. Comparing different 1190 

resolutions of satellite and ground-based instruments concerns both measurement techniques. 1191 

 1192 

6) I still don’t see how Equ 2 is the same as the authors showed in the reply. If you just 1193 

copy what you have in the reply, it will be fine. The formula in the paper is not clear. 1194 

Added the following as suggested:  1195 

“which is the SI version, based on Dalgarno and Smith (1962) where it is given in units of micropoise.” 1196 

 1197 

  1198 
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Response to Reviewer 2 1199 

Overall, the revised manuscript is well written and logically organized. On the whole 1200 

this is an important contribution on the optical vs in situ wind measurement 1201 

discrepancy that is still to be resolved. I would strongly recommend this study for 1202 

publication.  1203 

 1204 

I have a couple of minor suggestions/comments. 1205 

 1206 

1. Why data curves in the Figures 1, 2, and 4 have changed slightly compared to the 1207 

original version? Are same data, as used in the original version of this paper, used here? 1208 

 1209 

The CHAMP data are now plotted in UT rather than LT. As a consequence the time intervals 1210 

are shifted and comprise of different entireties with slightly different averages. The general 1211 

behaviour is kept, of course. 1212 

 1213 

2. Why all the days and day numbers are changed in the paragraph between lines 476 1214 

and 483 in the revised manuscript? 1215 

 1216 

In the original manuscript the average monthly F10.7 data were calculated from Nov-Jan, but 1217 

in the revised version the data were correctly recalculated to include Feb for each winter to 1218 

correspond with DOY 300-65. 1219 

 1220 

3. Figure 7: 0<Kp<2o or 0<Kp<2-? See next comment 1221 

 1222 

4. Line 370: 0<Kp<2o or 0<Kp<2- in the revised version? 1223 

Re: points 3 and 4, it is already explained in the text that: 1224 

“The solar minimum data range is 0 ≤ Kp < 2-, but it was necessary to increase the geomagnetic activity spread 1225 

for the solar maximum data to improve the statistics, so Figures 7a, b show 0 ≤ Kp < 2o.” 1226 

 1227 

4. Line 525 of the revised manuscript: “average zonal wind” or “average cross-track 1228 

wind”? 1229 
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Thank you for spotting this – should be “average cross-track winds” 1230 

 1231 


