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1. Introduction
Thermospheric wind is an important participant in the electro-dynamic and hydro-dynamic processes of 
upper atmosphere. The characteristics of thermospheric wind is thus a necessary and effective tool for 
understanding the coupling of Earth's thermosphere-ionosphere system. For decades, scientists have been 
trying to extend our knowledge about thermospheric wind, which in the upper thermosphere has been 
measured by several techniques, including: (1) remote sensing with optical instruments, for example, Fab-
ry-Perot interferometers (FPIs) (Biondi & Feibelman, 1968; Burnside & Tepley, 1989; Emmert et al., 2001; 
Killeen et al., 1982; Noto et al., 1994; Rees et al., 1980; Shepherd et al., 1993; Wu et al., 2004, 2008); (2) 
ground-based incoherent scatter radar measurements (Balsley et al., 1976; Emery, 1978; Lei et al., 2007); (3) 
the detections of satellite drag, for example, accelerometers (King-Hele, 1964; King-Hele & Walker, 1983; 
Marcos & Forbes, 1985; Lühr, et al., 2007; T. Visser et al., 2019); and (4) in situ observations with neutral 
mass spectrometer (Spencer et al., 1981). Short introductions for each technique have been provided in Lühr 
et al. (2007) and references therein. In addition to the observations, another important tool for interpreting 
the upper atmospheric wind dynamics is numerical modeling. Several observed properties of neutral wind 
can be reproduced rather well, for example by the Horizontal Wind Model (HWM) (Drob et al., 2015; Hedin 
et al., 1988) and the National Center for Atmospheric Research's Thermosphere, Ionosphere and Electrody-
namics General Circulation Model (NCAR TIEGCM) (Richmond et al., 1992).

A method of wind derivation from electrostatic tri-axial accelerometer instruments mounted on several 
spacecraft in the early 1980s was described by Marcos and Forbes (1985). The acceleration experienced by 

Abstract The re-estimates of thermospheric winds from the Gravity field and steady-state Ocean 
Circulation Explorer (GOCE) accelerometer measurements were released in April 2019. In this study, we 
compared the new-released GOCE crosswind (cross-track wind) data with the horizontal winds measured 
by four Fabry-Perot interferometers (FPIs) located at low and middle latitudes. Our results show that 
during magnetically quiet periods the GOCE crosswind on the dusk side has typical seasonal variations 
with largest speed around December and the lowest speed around June, which is consistent with the 
ground-FPI measurements. The correlation coefficients between the four stations and GOCE crosswind 
data all reach around 0.6. However, the magnitude of the GOCE crosswind is somehow larger than the 
FPIs wind, with average ratios between 1.37 and 1.69. During geomagnetically active periods, the GOCE 
and FPI derived winds have a lower agreement, with average ratios of 0.85 for the Asian station (XL) and 
about 2.15 for the other three American stations (PAR, Arecibo and CAR). The discrepancies of absolute 
wind values from the GOCE accelerometer and ground-based FPIs should be mainly due to the different 
measurement principles of the two techniques. Our results also suggested that the wind measurements 
from the XL FPI located at the Asian sector has the same quality with the FPIs at the American sector, 
although with lower time resolution.
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a LEO satellite below about 500 km is mainly due to atmospheric drag. By assuming proper values of the 
drag coefficient and attitude-dependent effective cross sectional area of the satellite in the ram direction, 
thermospheric density and wind (mainly the cross-track component, in the following named “crosswind”) 
can be derived. In recent years, the accelerometers from the Challenging Minisatellite Payload (CHAMP) 
and Gravity field and steady-state Ocean Circulation Explorer (GOCE) missions provided excellent oppor-
tunities to estimate thermospheric winds (Doornbos et al., 2010; Doornbos, 2011; Liu et al., 2006; March 
et al., 2019a, 2019b; Sutton, 2008; Visser & van den IJssel, 2016; Visser et al. 2018; T. Visser et al., 2019). 
The continuous wind measurements during their mission period significantly extended our knowledge of 
wind dynamics in the upper atmosphere, in perspectives of global, seasonal, local time, as well as solar and 
geomagnetic activity responses (M. Dhadly et al. 2017; M. S. Dhadly et al. 2018; Doornbos et al., 2014; Liu 
et al., 2006, 2016; Lühr et al., 2007; Xiong et al., 2015; Zhang et al., 2017). In addition, the GOCE crosswind 
data have been included in the HWM14 model for improving the wind predictions at geomagnetic quiet 
periods (Drob et al., 2015).

GOCE was launched on March 17, 2009 and reentered the Earth's atmosphere on November 11, 2013. 
Comparisons between GOCE derived winds (different from the version used in this study) with other ob-
servations and models have been reported earlier. Kärräng (2015) compared GOCE crosswinds with the 
ground-based horizontal wind observations from Scanning Doppler Imagers (SDIs) and FPIs located in 
the northern hemisphere: Poker Flat, Alaska (65.12°N, 32.57°W), HAARP, Alaska (62.39°N, 34.86°W), Too-
lik, Alaska (68.63°N, 30.4°W), Kiruna, Sweden (67.53°N, 21.04°E) and Longyearbyen, Svalbard (78.15°N, 
16.04°E). The GOCE crosswinds and the ground-based sounded winds show moderate to good correlations 
with correlation coefficients from 0.60 to 0.89. The absolute values of GOCE wind vectors were found to 
be 1.2–2.0 times larger than the ground-based measurements (as the slope of linear regression indicated). 
Liu et  al.  (2016) found that the HWM14 model shows consistent seasonal variations with GOCE zonal 
wind data, but the wind speed is somehow lower than the GOCE measurement by values of ∼20 m/s. M. 
Dhadly et al.  (2017) and M. S. Dhadly et al.  (2019) compared the GOCE crosswind with winds derived 
from the WIND Imaging Interferometer (WINDII) on the Upper Atmosphere Research Satellite (UARS), 
and ground-based SDI and FPI located at Poker Flat and Toolik Lake, Alaska. They found that the GOCE 
measured wind generally correlates well with the other observations on the dawn side, but relatively larger 
discrepancies are found on the dusk side. Aruliah et al. (2019) compared high-latitude thermospheric winds 
measured by two ground-based FPIs and CHAMP accelerometer, finding that the phases of the winds agree 
very well but CHAMP wind values at high latitudes are typically 1.5–2 times larger than FPI winds.

Recently, the GOCE accelerometer data have been recalibrated by improving the gas-surface interaction 
model (March et al., 2019b), and the new version (V2.0) of GOCE wind data have been released as part of 
the official ESA documentation (https://earth.esa.int/eogateway/missions/goce/goce+-thermospheric-da-
ta) on April 5, 2019. Therefore, in this study we perform a statistical comparison between the recalibrated 
GOCE wind data from 2010 to 2013 with ground-based measurements from FPIs located on the Asian and 
American sectors, ranging from around equatorial region to middle latitude. Both Kärräng (2015) and M. 
Dhadly et al. (2017) only compared the GOCE wind with FPI/SDI winds at high latitudes, so our work here 
adds by the comparison between low and middle latitudes FPI data and GOCE data.

The FPI is an optical system which measures the spectra of the emission lines from airglow or aurora. 
Wind and temperature can be estimated by analyzing the Doppler shift and the line width of these emis-
sions, respectively (Biondi & Feibelman, 1968; Burnside & Tepley, 1989; Emery, 1978; Emmert et al., 2006a, 
2006b; Innis & Dyson, 1996; Ishii et al., 1997; Kerr et al., 1989; Makela et al., 2012; Meriwether, 2006; Noto 
et al., 1994; Wu et al., 2004; Yu et al., 2014; Yuan et al., 2010).

Our comparison focuses on the dusk side during which there is better overlap than on the dawn side be-
tween the GOCE and FPI measurements. In addition, we want to offer a comprehensive empirical valida-
tion for the wind measurement of XL FPI in addition to the previous validation against model predictions 
in Jiang et al. (2018). The study is structured as follows: Section 2 describes the wind measurements from 
GOCE and various ground-based FPIs. Section 3 introduces the methods of data analysis. Section 4 presents 
the comparison results during both geomagnetic quiet (Kp < 3) and disturbed periods (Kp ≥ 3). A discus-
sion comparing the results with those from previous studies are given in Section 5. The final summary is 
presented in Section 6.
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2. Wind Measurements and Methods of Data 
Analysis
2.1. GOCE Satellite and Crosswind

The GOCE satellite was launched into a Sun-synchronous dusk-dawn 
orbit with an inclination of 96.7°. Its mission period starts on March 17, 
2009 and ends on November 11, 2013, which spans from low to increased 
solar activity. The primary objective of GOCE was to precisely measure 
the static part of Earth's gravity field and ocean circulation (Floberghagen 
et al., 2011). Fortunately, the on-board accelerometers provide an excel-
lent opportunity to derive thermospheric mass density and crosswinds. 
For details about the updated processing algorithm of recalibrated GOCE 
wind data, readers are referred to March et al.  (2019b). The crosswind 
component at low and middle latitudes is mainly in the zonal direction 
(Liu et al., 2016). GOCE wind data products include zonal, meridional 
and vertical components, which are computed by treating the crosswind 
as a vector. The in-track wind component from GOCE cannot be meas-
ured due to the large drag contribution. A comprehensive description of 
the wind retrieval and the data set is provided in March et al. (2019b).

In this study, GOCE crosswinds of version 2.0 data set are employed to do comparison with the winds ob-
served by ground FPIs. The time span of GOCE data used in our comparison is from 2010 to 2013, and the 
satellite altitude decreased from about 260 to 220 km during this period.

2.2. FPI Observations

In this study, we use measurements from four FPIs located in Asian and American longitude sectors, and 
their locations are shown in Figure 1 and detailed in Table 1.

The XL FPI is located at Xinglong Observatory (geog.: 40.2°N, 117.4°E; geom.: 35°N), China. XL FPI belongs 
to the Chinese Meridian Project (Wang, 2010), and its routine observation started in April 2010. This FPI 
was designed to have three filter channels for measuring the OH 892.0 nm (∼87 km), OI 557.7 nm (∼97 km) 
and OI 630.0 nm (∼250 km) nightglow emissions. There are five directions sampled in each sequence, in-
cluding the zenith direction and four cardinal directions (east, west, north, and south) with 45° elevation 
angle. The integration time is 3 min for OH 892.0 nm and OI 557.7 nm, and 5 min for OI 630.0 nm. Time 
resolution (or duty cycle) for each wind field (both meridional and zonal components) is about 1 h. The 
detail of the XL FPI, its operation and the wind data processing method, can be found in Wu et al. (2004) 
and Yuan et al. (2010, 2013). Jiang et al. (2018) reported that XL FPI has the reliable local time, seasonal, 
and longitudinal variations of thermospheric horizontal winds at mid-latitudes during geomagnetically 
quiet times by comparing with winds from an empirical wind model and a numerical model. The red line 
(630.0 nm) wind data from April 2010 to November 2013 are employed in the GOCE-FPI wind comparison 
presented in this study.

The PAR FPI was installed at the Pisgah Astronomical Research Institute (geog.: 35.2°N, 82.85°W; geom.: 
45.8°N), USA, in June 2011, which is one site of the North American Thermosphere Ionosphere Observa-
tion Network (NATION) (Makela et al., 2012). Thermospheric wind and temperature can be obtained using 
the observation of the spectral line shape of the 630.0 nm redline emission from O2

  dissociative recombi-
nation at ∼250 km. There are two measurement modes in PAR FPI operation: cardinal mode and common 
volume mode (Fisher,  2013; Fisher et  al.,  2015). Cardinal mode is the standard data collection process 
including four line of sight measurements in directions of north, east, south and west at a 45° elevation an-
gle followed by a zenith exposure. Common volume mode is a more complicated coordinated observation, 
which was described in Makela et al. (2013). The details of measurement and wind data processing of PAR 
FPI can be found in Fisher (2013, 2017), Harding (2017), Harding et al., (2017a, 2017b). In this study, the 
wind data calculated from the cardinal mode are chosen for the GOCE-FPI wind comparison. The data time 
span used is from June 2011 to November 2013.
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Figure 1. The location distribution of four ground-based FPI systems 
used in our study. FPI, Fabry-Perot interferometers; GOCE, Gravity field 
and steady-state Ocean Circulation Explorer.
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The CAR FPI was installed in Cariri (geog.: 7.38°S, 36.52°W; geom.: 11.74°S), Brazil in 2009. This FPI is part 
of the Remote Equatorial Nighttime Observatory for Ionospheric Regions (RENOIR) network (Fisher, 2013; 
Harding, 2017; Makela et al., 2009). The thermospheric wind and temperature from the 630.0 nm redline 
emissions were collected from the measurements of cardinal mode and common volume mode. In cardinal 
mode, the CAR FPI operated independently and simply cycled through the four cardinal directions (north, 
east, south and west at a 45° elevation angle) and the local zenith (Makela et al., 2013). The details of meas-
urement and wind data processing of CAR FPI can be found in Makela et al. (2011), Fisher (2013, 2017), 
Harding (2017), Harding et al., (2017a, 2017b). In this study, the wind data observed by cardinal mode are 
chosen for GOCE-FPI wind comparison. Data time span is from July 2010 to November 2013.

A new redline FPI system at Arecibo Observatory (geog.: 18.35°N, 66.75°W; geom.: 27.1°N) began to moni-
tor the thermospheric 630.0 nm emission of OI at ∼ 250 km altitude since May 2012 (Kerr, 2013, 2019; Kerr 
et al., 2017). The standard operating mode is to record measurements in four cardinal directions (North, 
South, East, and West) at a 45o elevation angle, with a fifth measurement in the zenith. For each direction, 
the exposure time is 4 min. Kerr (2013) described the system operating and data processing of Arecibo FPI 
in details. The wind data of cardinal mode measurements from May 2012 to November 2013 are used in 
this work.

2.3. Methods of Data Analysis

For the XL FPI, data measured in nice weather during moon phase <85% are selected. In addition, wind 
estimates with uncertainty greater than 40 m/s are not considered, and winds with absolute speed greater 
than 300 m/s are also omitted. For the PAR and CAR FPIs, we kept the observations in good weather and 
moon phase <85%. The estimated wind data with fit uncertainty greater than 25 m/s or with absolute speed 
greater than 300 m/s are discarded. In addition, these two instruments provide quality flags. Measurements 
associated with quality flags (WIND_ERR) of 2, equating to “bad quality” are also discarded. The informa-
tion of cloud measurements for PAR and CAR are included in the WIND_ERR flag, so cloud coverage is 
actually taken into account. For Arecibo, we kept the observations in good weather, during moon phase < 
85%, and with quality flag = 0, 1. Data with wind estimates having absolute speed greater than 300 m/s are 
not included. For GOCE observations, the measurements made during thruster inactive periods are exclud-
ed, as are data possibly affected by outliers, missing data, filter initialization effects, or eclipse transition.

We took three steps to find conjunction events between GOCE and each FPI station. First, only the orbits 
when the GOCE and FPI longitudinal difference was less than 15° have been considered. Second, for each 
selected orbit, the GOCE wind measurement within 5° latitude centered on the FPI station are averaged as 
a new GOCE database, whose position is the measuring moment and location of orbit point closest to FPI 
latitude. Finally, the FPI winds measured within 0.5 hour around the new GOCE database are averaged to 
a new FPI database. In this way, we derived 134, 153, 196, and 233 conjunction events for XL, PAR, Arecibo 
and CAR stations, respectively.

Figure 2 presents the paired wind databases distribution as a function of date and universal time. Blue open 
circles and red solid stars denote the FPI winds and GOCE winds, respectively. Dusk side and dawn side 
are indicated at right side of each panel. Clearly seen here is that conjunction events are mainly found for 
the dusk side and rarely appear at dawn side. Therefore, we will focus only on the wind comparison on the 
dusk side in this study.
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Station Geographic location Geomagnetic latitude Years of data
Detection wavelength 

(nm)/Height (km)

XL 40.2°N, 117.4°E 35°N April 2010–November 2013 630.0/250

PAR 35.2°N, 82.85°W 45.8°N June 2011–November 2013 630.0/250

Arecibo 18.35°N, 66.75°W 27.1°N May 2012–November 2013 630.0/250

CAR 7.38°S, 36.52°W 11.74°S July 2010–November 2013 630.0/250

Table 1 
Data Sets of Ground-Based FPIs Used in This Paper
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The coincident winds of GOCE and FPIs are sorted separately into geomagnetic quiet (Kp < 3) and dis-
turbed (Kpcurrent ≥ 3 or Kp3 hours ago ≥ 3 or both) periods.

2.4. Wind Vector Projection

As Doornbos et al. (2013) mentioned, GOCE crosswinds represent the cross-track part of the winds, not the 
full vector zonal or meridional winds. Hence, to make the most reliable comparison between GOCE cross-
winds and FPI winds, it is necessary to project the FPI horizontal winds (zonal and meridional components) 
onto the GOCE cross-track direction. Equation 1 outlines the applied method for wind vector projection:

  
 ˆa a b (1)

Here, a is the FPI horizontal wind vector; b̂ is the unit vector of GOCE crosswind, and 
 ˆ /b b b ; a  is the 

projected FPI wind vector in the GOCE crosswind direction. FPI projected winds are used for the statistical 
comparison. For all four stations, we first project the FPI winds to the GOCE cross-track direction and then 
compare with the GOCE crosswind.

3. Observations
3.1. During Geomagnetically Quiet Periods

Figure 3 shows the scatter-plot comparison of GOCE crosswinds and FPI projected winds at four stations 
during quiet periods. The first column presents the comparison during all seasons, and green lines give the 
linear fitting results between them. Patterns in the second to fourth columns present the results for different 
seasons. Here, the errors in the FPI data are assumed to be zero.

As indicated by the correlation coefficients (C_C) in Figure 3, the correlations between GOCE crosswinds 
and FPI projected winds are all around 0.6: 0.58 for XL, 0.67 for PAR, 0.68 for Arecibo and 0.64 for CAR. 
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Figure 2. The paired wind databases distribution with year and universal time. Blue open circles and red solid stars 
denote FPI zonal winds and GOCE zonal winds, respectively. Dusk side and dawn side are indicated at right side of 
each panel. FPI, Fabry-Perot interferometers; GOCE, Gravity field and steady-state Ocean Circulation Explorer.
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In different seasons or months, there are some differences in wind speeds at the four FPI stations. For 
stations at middle latitude, GOCE crosswind speeds are basically larger than those of XL and PAR FPIs 
in all seasons; for low latitude station, GOCE and Arecibo FPI have relatively comparable wind speeds 
in the months of equinoxes, but GOCE crosswind shows larger speed than FPI wind in the months of 
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Figure 3. Scatterplot of GOCE and FPI zonal winds at four stations during quiet time. The first column presents the wind comparison of the whole database 
collected from GOCE and FPIs. The second to fourth columns present the results of different seasons (local winter, equinoxes, and local summer). Green 
lines give the linear regression fit result of the observations from two systems; here, the errors in the FPI data are assumed to be zero. FPI, Fabry-Perot 
interferometers; GOCE, Gravity field and steady-state Ocean Circulation Explorer.
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December-January-February and June-July-August; for the station in equatorial region, GOCE crosswind 
shows significantly larger speed than CAR FPI in all seasons. The intercepts of linear regression equa-
tion can give the bias information between two measurement systems (shown by the first column of Fig-
ure 3). During geomagnetically quiet periods, Arecibo FPI shows smaller bias (29.81 m/s) than other FPIs 
(58.54 m/s for XL, 46.19 m/s for PAR, 51.33 m/s for CAR) when comparing the FPI data in the crosswind 
direction.

The linear regression result with FPI data errors considered is given in the supplement of this paper. When 
considering the errors in the FPI data during, we found that during quiet times the slope increased by up 
to 21.67% for PAR, 15.28% for Arecibo and 37.29% for CAR, and the intercepts decreased by up to 22.28% or 
10.29 m/s for PAR, 54.06% or 10.46 m/s for Arecibo and 63.78% or 19.99 m/s for CAR; During geomagneti-
cally active times, the slope increased by up to 84.44% for PAR, 34.48% for Arecibo and 32.61% for CAR, and 
the intercepts decreased by up to 44.22% or 20.19 m/s for PAR, 8.7% or 3.85 m/s for Arecibo and 24.20% or 
12.94 m/s for CAR. Correlation coefficients of the error-considered case and the zero-error case are compa-
rable during quiet times.

The monthly averaged values of conjunction winds on the dusk side from GOCE and FPIs are illustrated 
in Figure 4, and the error bars are the variance of the data used in the monthly average. We can see that at 
low and middle latitudes, GOCE crosswinds are generally larger than FPI projected winds in most of the 
months from September 2010 to October 2013, but the winds from two systems have similar variations with 
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Figure 4. The monthly averaged values of conjunct winds on the dusk side from GOCE and FPIs during 2010–2013. 
The error bars are the variance in the data used in the monthly data. FPI, Fabry-Perot interferometers; GOCE, Gravity 
field and steady-state Ocean Circulation Explorer.
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time. At around 250 km altitude, GOCE crosswinds and FPI projected winds on the dusk side both show 
a significant annual variation with the largest speed around December and the lowest speed around June 
from around equatorial region to middle latitude.

3.2. During Geomagnetically Active Periods

Figure 5 presents the scatter-plot comparison of GOCE crosswinds and FPI projected winds collected dur-
ing geomagnetically active periods with Kpcurrent ≥ 3 or Kp3 hours ago ≥ 3 or both. The green lines give the linear 
fitting of observations from two systems and the dashed lines are diagonal lines. Compared with the quiet 
periods, the correlations between them are smaller, with worst case for Arecibo. The values of C_C between 
GOCE and FPI winds are 0.57 for XL, 0.49 for PAR, 0.32 for Arecibo and 0.54 for CAR, respectively. GOCE 
wind measurements from middle latitude to around equatorial region (XL, PAR, and CAR) are generally 
larger than FPI observations. The intercepts of linear regression equation indicate the bias 44.48 m/s for 
Arecibo FPI, 64.41 m/s for XL FPI, 45.66 m/s for PAR FPI, 53.48 m/s for CAR FPI during the geomagneti-
cally active periods.

Figure 6 presents the time series of GOCE crosswinds and FPI projected winds (same data groups as those 
in Figure 5) and their differences. The conjunction events found between GOCE and XL FPI are concentrat-
ed in months of equinox and boreal winter, and most events show larger wind speeds in the GOCE observa-
tion. A similar situation appears in the comparison of GOCE and PAR station: the crosswind derived from 
the accelerometer are generally larger than FPI projected winds during geomagnetically active periods in all 
seasons. At CAR (around equatorial region), GOCE crosswinds are generally larger than CAR FPI winds in 
most events. However, a different feature is found for the station at Arecibo, that GOCE crosswinds some-
how have smaller speeds than FPI in boreal summer months especially in the summer of 2013, but have 
stronger winds in the months of January, September and October.

In addition to ordinary linear regression, another method incorporating the FPI data error into the linear 
regression has also been performed, and the results are given in the supplement of this study. During active 
times, correlation coefficients increased by up to 59.18% for PAR and 18.52% for CAR, but were similar for 
Arecibo.

3.3. Seasonal Variation Indicated by the Horizontal Winds of GOCE and FPI Measurements

Since GOCE flew on a near-polar sun-synchronous orbit, the crosswind direction is near to the zonal di-
rection at low and middle latitudes (Doornbos et al., 2013). In order to confirm and show readers what this 
means, we present the zonal wind variations measured by GOCE and FPIs.
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Figure 5. The scatterplots of the conjunct time series of GOCE and FPI zonal winds collected during geomagnetically active periods; the green lines give the 
line fit result of the observations from two systems and the dashed lines are diagonal lines. FPI, Fabry-Perot interferometers; GOCE, Gravity field and steady-
state Ocean Circulation Explorer.
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Figure 6. The conjunct time series of the dusk zonal wind of GOCE and FPIs and the wind difference between them 
during the geomagnetically active days of 2010–2013. FPI, Fabry-Perot interferometers; GOCE, Gravity field and steady-
state Ocean Circulation Explorer.
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Figure 7 gives the time series of GOCE and FPIs zonal wind observations on the dusk side during geomag-
netically quiet periods over the four stations, as well as the solar flux index F10.7 during the years of 2010–
2013. Here, the GOCE zonal winds are shown as gray crosses when it passes over the stations, regardless 
of whether there are conjunction measurements from an FPI or not; while the FPI zonal wind values are 
depicted as red crosses. A similar annual variation of the dusk side zonal winds, with peak in December and 
valley in June, is seen from GOCE and all four FPI stations located from middle latitude to around equato-
rial region. However, slight latitudinal differences are found between the zonal winds at different stations. 
For example, during the months of June and July the zonal wind over PAR and Arecibo is smaller than that 
over XL. However, during the months of December and January the FPI zonal wind speeds over these three 
stations do not show clear differences. The wind variation with seasons shown in Figure 7 is consistent with 
that shown in Figure 4, which indicates that GOCE crosswind at low and middle latitudes is near to the 
zonal direction, and the zonal component can represent the variation of the crosswind.

The fifth (bottom) panel illustrates the solar activity dependence of the thermospheric zonal wind over 
CAR, which is consistent with the result of Liu et al. (2016) that solar flux has a positive effect on the east-
ward wind in the equatorial region. The zonal wind around equator shows a more significant dependence 
on solar flux than that at mid-latitudes.
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Figure 7. Solar flux F10.7 index in unit of sfu (1 sfu = 10−22 Wm−2 Hz−1) during the years of 2010–2013 (the top panel), 
and the time series of GOCE and FPIs winds on the dusk side during geomagnetically quiet periods over four stations 
(the second to the fifth panels). Gray cross denotes GOCE measurements; dark red cross denotes FPI observations. FPI, 
Fabry-Perot interferometers; GOCE, Gravity field and steady-state Ocean Circulation Explorer.
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4. Discussions
To find the conjunction events between GOCE and ground FPIs, we 
have considered the events when the longitudinal separation between 
the two systems is within 15°(corresponding to maximum zonal distance 
of 1,650  km). Figure  8 presents the variation of wind differences be-
tween GOCE and FPI data on their longitudinal separation, however, no 
clear dependence of the wind differences is found with the longitudinal 
separation.

To better quantify the relation between GOCE and FPI winds at dusk 
side, we calculated the average ratio between them separately for geo-
magnetically quiet and active periods, and the results are listed out in 
Table 2. As shown by /GOCE FPI . The average values between GOCE 
winds and FPI measurements are quite close for the four stations from 
middle latitude to around equatorial region: GOCE crosswinds are 1.69 
(XL), 1.37 (PAR), 1.44 (Arecibo) and 1.42 (CAR) times larger than FPI 

measurements during magnetically quiet periods, respectively. During active periods, the averaged ratios 
are 0.85 (XL), 2.17 (PAR), 2.15 (Arecibo) and 2.15 (CAR), respectively. As shown by the mean value of 

GOCE FPI , the quiet time absolute wind differences of GOCE and FPI winds are 25.03 m/s, 19.41 m/s, 
26.82 m/s and 24.15 m/s at XL, PAR, Arecibo and CAR stations, respectively. It is interesting that the wind 
differences during active periods are significantly larger than those during quiet periods at XL, PAR and 
Arecibo, but the comparison at CAR (near equator) has comparable wind differences with 21.82 m/s in ac-
tive periods and 24.15 m/s in quiet periods, which indicate a relatively smaller effect of geomagnetic activity 
on the equatorial thermospheric wind.

Kärräng (2015) discussed the relationship of GOCE and ground SDI/FPI winds at high latitude (Poker Flat, 
geog.: 65.12°N, 147.43°W and Kiruna, geog.: 67.53°N, 21.04°E), which considers the slope of linear fitting 
between their wind values. Their results showed that the GOCE crosswinds are 1.2–2.0 times stronger than 
the horizontal wind vector and that their correlation coefficients are 0.60 and 0.89 for Poker Flat SDI and 
Kiruna FPI, respectively. It is worth noting that the study of Kärräng (2015) did not distinguish between 
different geomagnetic conditions. M. Dhadly et al. (2017) and M. S. Dhadly et al. (2019) found no major 
biases among various quiet time data sets of FPIs, SDIs, DE2 WATS and UARS WINDII except for GOCE 
at high latitude. They found that during quiet time, GOCE high-latitude crosswinds are generally stronger 
than other data sets on the dusk side, for example, typically ∼85 m/s larger in average than those of WINDII 
winds, but there is a better agreement between GOCE and other data sets at dawn side.
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FPI 
stations

Kp < 3 Kp ≥ 3

GOCE-FPI/
STDDEV

GOCE-FPI/
STDDEV (m/s)

GOCE-FPI/
STDDEV

GOCE-FPI/
STDDEV (m/s)

XL 1.69/3.20 25.03/17.00 0.85/4.35 44.35/24.63

PAR 1.37/0.93 19.41/17.83 2.17/5.92 28.44/29.93

Arecibo 1.44/4.24 26.82/20.31 2.15/7.69 40.06/31.90

CAR 1.42/1.02 24.15/18.07 2.15/6.50 21.82/20.65

Abbreviations: FPI, Fabry-Perot interferometers; GOCE, Gravity field and 
steady-state Ocean Circulation Explorer; STDDEV, standard deviation.

Table 2 
The Averaged Ratio and Difference Between the GOCE and FPI Zonal 
Winds at Dusk Side

Figure 8. The scatterplots of the absolute value of GOCE-FPI wind difference and their horizontal distances. FPI, Fabry-Perot interferometers; GOCE, Gravity 
field and steady-state Ocean Circulation Explorer.
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Figure 9. The conjunct time series of the dusk zonal wind of GOCE and FPIs and the wind difference between them 
during the geomagnetically quiet periods of 2010–2013. FPI, Fabry-Perot interferometers; GOCE, Gravity field and 
steady-state Ocean Circulation Explorer.
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We would like to note that the newly released GOCE wind data (version 2.0) are used in our study, but the 
previous versions of GOCE data were used in the studies of Kärräng (2015), M. Dhadly et al. (2017), and 
M. S. Dhadly et al. (2019). As pointed out by March et al. (2019b) and T. Visser et al. (2019), instead of 
tuning the aerodynamic model of GOCE to match the ground-based observations directly, they improved 
the current accuracy level using high-fidelity geometries and a wide range of the energy accommodation 
coefficient, which is a key parameter for describing gas-surface interactions. Overall, although different 
versions of GOCE wind data have been applied in our study and earlier publications, a similar result is 
derived that the GOCE wind shows larger absolute wind values than the ground-based FPIs. Despite 
the large absolute value, GOCE wind shows consistent signatures of the wind reversal in the dusk side 
circulation cell at high latitude (Figure 6 in M. Dhadly et al., 2017) and the seasonal variation of thermo-
spheric wind at middle latitude and around equatorial region (Figures 4, 7, and 9 in this paper) as that 
observed by ground FPIs.

We finally point out that the discrepancies between the wind data derived from GOCE accelerometer 
and ground FPIs probably originate in the different measurement techniques. The GOCE technique is 
measuring an in-situ wind at a specific altitude while the ground-based FPI technique is measuring a 
height-integrated (and weighted) measurement at a different altitude. GOCE winds are derived from 
the in-situ records of the accelerometer on board the satellite due to the air drag, whose altitude posi-
tioning is much more accurate. The ground-based Fabry-Perot spectrometers (FPI and SDI) estimate 
the winds based on the measurement of airglow emission (e.g. at 630.0 nm wavelength) layer, whose 
altitude position covers a wider range with peak volume emission near 240–250 km. Two other pos-
sible reasons for the GOCE-FPI discrepancy are: (1) Altitude variations in the winds can exist above 
200 km; (2) Atmospheric scattering in the troposphere can cause winds that are several-to-10 percent 
too low and airglow gradients can be large after sunset, and exacerbate the scattering problem (Harding 
et al., 2017b).

5. Summary
The newly derived thermospheric winds (version 2.0) from GOCE accelerometer measurements were re-
leased in April 2019. In this study, we report the results of statistical comparison between the new GOCE 
crosswind measurements and the winds from four FPIs located at the Asian and American sector, with lat-
itude ranging from middle latitudes to around equatorial region. Almost all the conjunction measurements 
of GOCE and FPIs are on the dusk side. The data comparison period is from 2010 to 2013.

Our result shows that during geomagnetically quiet periods the GOCE crosswind on the dusk side presents 
consistent signatures of annual variations that compare well with those derived from ground-based FPIs, 
showing largest speed around December and lowest speed around June. However, despite the similarity, the 
GOCE wind is generally larger than the wind derived from FPIs, with average ratios around 1.37–1.69 for 
the four stations. The correlation coefficients between data of the four FPIs winds and GOCE winds reach 
0.58 for XL, 0.67 for PAR, 0.68 for Arecibo and 0.64 for CAR.

During geomagnetically active periods, the relation between the GOCE and FPI derived winds are 
generally poorer. The correlation coefficients between GOCE crosswinds and FPI horizontal winds are 
0.57 for XL, 0.49 for PAR, 0.32 for Arecibo and 0.54 for CAR, respectively. But still the absolute value 
of the wind derived from GOCE is larger than that of the FPIs, for the station at Arecibo during June 
solstice months.

As indicated by the results of the wind comparison in this paper, the discrepancies between the wind data 
sets from GOCE accelerometer and FPIs should mainly lay in the different measurement principles of the 
two techniques.

XL FPI is a relatively new instrument. This work provides the first comprehensive validation for the wind 
measurement by the XL FPI, which was found to provide reliable wind observations in the same quality as 
from established FPIs in the American sector. In future, the XL FPI will provide valuable information for 
investigating the thermosphere above Asia.
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Data Availability Statement
The recalibrated GOCE wind data can be found at https://earth.esa.int/eogateway/missions/goce/
goce+-thermospheric-data. The FPI wind data at PAR, Arecibo and CAR stations can be freely downloaded 
from http://cedar.openmadrigal.org/.
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