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Abstract Wind data observed by a Fabry-Perot interferometer (FPI) and a meteor radar (MR) deployed
in two stations, which are 430 km apart in ground distance, are used to study wind climatology in
mesosphere/lower thermosphere over central China and compare between the measurements. A general
morphologic similarity of the FPI winds and MR winds is identified with 4 year data since November 2011. At
87 km, the wind vector plots show that the FPI and MR winds agree with each other very well in all months.
The zonal winds of both instruments have an apparent semiannual variation with a maximal strength of
�20m/s at around 18:00 UT in equinoctial months, and the meridional winds from both instruments have an
apparent annual variation with a maximal strength of �40m/s at around 15:00 UT in summer months. The
correlation coefficients between the measurements of the two instruments are about 0.95 for meridional
wind and 0.90 for zonal wind. At 97 km, the wind vector plots show that FPI and MR winds agree with each
other from May to October and are obviously different in the rest months. There are very weak semiannual
variations at around 18:00 UT for both zonal winds and pronounced annual variation at around 13:00 UT
for both meridional winds. The correlation coefficients between the FPI and MR winds are 0.73 for zonal wind
and 0.86 for meridional wind, which are overall smaller than that at 87 km. A Gaussian distribution of airglow
profile is used to investigate the deviations associated with peak height and full width at half maximum
(FWHM) of airglow layer. It is found that the variation of peak height could lead to about 20% variation of
correlation coefficients between measurements at the height of 87 km and about 14.8% at the height of
97 km on average. The variation of FWHM could lead to a correlation coefficient variation of about 2.4%
and 3.5% at the height of 87 km and 97 km, respectively. Some other reasons, such as the influence of
geomagnetic field on meteor trail and the propagation of gravity waves, could also contribute to these
differences between measurements.

1. Introduction

The neutral winds play a very important role in dynamics in the upper atmosphere [Fuller-Rowell, 1995; Fuller-
Rowell et al., 2007]. However, the lack of neutral wind measurements hinders our dynamic studies in
the upper atmosphere. Ground-based instruments such as incoherent scatter radar, meteor radar (MR),
medium-frequency radar, lidar, Michelson interferometer, and Fabry-Perot interferometer (FPI) are all capable
of detecting the wind and dynamics in the upper atmosphere [Santos et al., 2011; David et al., 2013; Hocking,
1997; Phillips et al., 1994; Yuan et al., 2006; She et al., 2002; Langille et al., 2013;Wu et al., 2004]. Among them,
the MR and FPI are two types of instruments to effectively detect waves and winds in the upper atmosphere
at relatively low costs.

The MR, since it was first developed in 1949 [Manning et al., 1950], has become a very useful instrument to
observe winds in mesosphere/lower thermosphere (MLT). Currently, there are about one dozen of MR instru-
ments operating all around the world, providing a large amount of MLT wind and temperature data. These
data have been widely used to investigate the mean winds, tides, and planetary waves in the MLT. For
instance, the first Japanese results reported the mean winds at 82–106 km altitude monitored by the Kyoto
meteor radar (35°N, 136°E) over the period fromMay 1983 to December 1985, and the characteristics of semi-
diurnal tides and long-period wind oscillations have also been summarized [Tsuda and Kato, 1988; Tsuda
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et al., 1988]. Yamamoto et al. [1986] studied the characteristics of gravity waves with periods longer than 2 h
observed by the Kyoto meteor radar and found an apparent eastward phase velocity of a monochromatic
gravity wave. The Australian new all-sky interferometric meteor radar system and new analysis techniques
at Buckland Park, South Australia, were introduced by Holdsworth et al. [2004]. Wind measurements from a
meteor radar in polar regions were described by Forbes et al. [1995] and Fritts et al. [2012]. A very good sum-
mary of radar instrumentation and techniques for studies of the upper atmosphere was given by Hocking
[1997]. The first meteor radar in China region was deployed in 2003 [Xiong et al., 2004]. Zhao and others inves-
tigated features of tide and planetary wave observed by this MR [Zhao et al., 2005a, 2005b; Jiang et al., 2005;
Xiong et al., 2006]. Recently, a meteor radar chain was established along the 120°E meridian in China, and
observations of the horizontal wind in the MLT region from this radar chain were reported [Yu et al., 2013],
and they found that the diurnal component dominated at the low-latitude stations while the semidiurnal
component dominated at midlatitude stations.

The new FPI technology has great improvement in the sensitivity and observation resolution [Ishii1 et al.,
1999; Wu et al., 2004] during the past decades. However, the global coverage of FPI observations is still very
limited [Meriwether, 2006]. FPI-measured wind data are very valuable to the understanding of the dynamics
and development of general circulation models in the thermosphere [Rees et al., 1984, 1990; Fejer et al., 2002;
Zhang et al., 2003]. Fejer et al. [2002] studied the climatology of quiet time and storm time nocturnal winds
with FPI measurements over Millstone Hill from 1989 to 1999. Emmert et al. [2003] focused on latitudinal
gradient of quiet time thermospheric neutral wind over Millstone Hill. Later Emmert et al. [2006] studied
the climatology of nighttime wind in the upper thermosphere during geomagnetic quiet conditions. Wu
et al. [2005] showed strong day-to-day and interannual variations of the 12 h wave in the mesosphere winds
by surveyingmultiyear data set from Resolute Bay station, Canada (75°N, 95°W).Won et al. [2007] studied tidal
features of mesospheric temperature and neutral winds at that station. Ammosov and Gavrilyeva [2008]
studied the temperature semidiurnal tide derived from nightglow observed at a Russia station (63°N,
129.5°E). A good review about the studies of thermospheric dynamics with FPI network was given by
Meriwether [2006].

Comparisons between wind measurements by MR and FPI are helpful for the understanding of the dynamics
process in MLT. FPI wind observations, which are weighted by the height profile of the airglow emission, are
different from the MR wind data that have a good altitude resolution of 2–3 km. Thus, it is difficult to make a
simple comparison between the two instruments. As early as in 1979, Hernandez and Roper [1979] compared
wind measurements from a radio meteor over Atlanta (34°N, 84°W) with an airglow over Fritz Peak
Observatory (39.8°N, 195.5°W). Although the two stations had a large separation, general agreements in both
zonal and meridional wind vectors were found. Lloyd et al. [1990] compared the day-to-day variations of
1month wind measurements from a medium-frequency radar and a FPI at Saskatoon (52°N, 107°W) and
found that winds are generally similar between the two systems, with differences attributing to auroral con-
tamination. Phillips et al. [1994] made a long-term comparison between a medium-frequency radar and a
Fabry-Perot spectrometer with data from 1988 to 1992 and found that strong similarities could be found
in both measurements in long-term time series, but apparent differences could be found in real-time data.
Plagmann et al. [1998] compared simultaneous wind measurements from a Fabry-Perot spectrometer, a
medium-frequency radar, and a meteor radar located at a New Zealand's South Island during the period of
May 1997 to April 1998. Their results showed reasonable agreement among the three methods, in particular
between the FPI and meteor radar. Aruliah et al. [2005] found direct evidence of mesoscale variability on ion-
neutral dynamics using co-located FPI and European Incoherent Scatter radar. Many researchers also focused
onmaking comparisons with model results. Cervera and Reid [2000] made a comparison of atmospheric para-
meters derived from meteor observations at Buckland Park with Committee on Space Research International
Reference Atmosphere model. Yuan et al. [2013] and Yu et al. [2014] compared wind measurements by two
newly built FPIs in China with the horizontal wind model.

In China, many new ground-based instruments include optical system and radars have been deployed in
recent years. In 2010 and 2011, two FPIs were successfully deployed at Xinglong (40.2°N, 117.4°E) and
Kelan (111.6°E, 38.7°N). Yuan et al. [2010, 2013] introduced the new observations of FPI system in Xinglong
and studied the annual, semiannual, and terannual variations of the midnight winds observed by the FPI
in Xinglong. Jiang et al. [2012] compared the simultaneous wind measurements from FPI and MR during
April–May of 2010 and found that the variations of FPI winds were very consistent with meteor winds except
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for some minor differences. Yu et al. [2014] and Yao et al. [2015] gave the results of thermospheric and meso-
spheric wind measurements observed over Kelan, China, respectively. Since there is lack of wind simulta-
neous measurements by FPI or MR at adjacent stations in China, comparison of wind measurements
measured by the FPI and MR would be very helpful to investigate the winds and dynamics in the MLT over
China, as well as make better use of respective instruments.

2. Data Selection and Analysis

The Kelan FPI (38.7°N, 111.6°E), which follows the same design of FPI at the Resolute Bay station, Canada [Wu
et al., 2004], consists of the following components: dome, sky scanner, filter, etalon chamber (10 cm caliber
with thermal control), mirror and lens focus mechanism, camera, and data acquisition and saving systems.
A calibration technique by a frequency stabilized laser at 632.8 nm, a precise pressure- and temperature-
controlled system, and a back-illuminated CCD detector with 1024× 1024 pixels and�50°C operational tem-
perature are used in this FPI system. This FPI had been calibrated and had a trial run for 1month at the High
Altitude Observatory (HAO), National Center for Atmospheric Research (NCAR), USA, before it was shipped to
Kelan, China, for installation. A detailed schematic diagram can be found in Wu et al. [2004] and Yuan et al.
[2010]. Controlled by a computer, the Kelan FPI operates in an automated mode on schedule. It is scheduled
to shift the filter to observe at wavelengths of 892.0 nm, 630.0 nm, and 557.7 nm in every hour in order to
simultaneously monitor the dynamics in both the mesosphere and thermosphere. The exposure times are
3min at wavelengths of 892.0 nm and 557.7 nm and 5min at 630.0 nm. It takes roughly 50min to detect
the airglow at three wavelengths during one measurement cycle, and the wind and temperature results at
each height are derived at each hour. The data-processing software developed by the HAO, NCAR, is used
to derive wind and temperature [Wu et al., 2004]. It should be noted that local weather condition such as rain
and cloud can seriously degrade the quality of the derived wind and temperature products. The Kelan FPI
routinely observes at every night since November 2011, except for an outage from February to April 2013
due to power failure. To date, about 1500 night observations have been accumulated, and over 80% of them
passed the data quality criteria [Yu et al., 2014].

A meteor radar chain was recently established by the Institute of Geology and Geophysics, Chinese Academy
of Sciences [Yu et al., 2013]. The meteor radar located at Beijing is manufactured by the Atmospheric Radar
Systems of Australia, similar to the Buckland Park meteor radar in Australia and the earlier SKiYMET system
in Canada [Hocking et al., 2001; Holdsworth et al., 2004]. The Beijing MR is designed as an all-sky interfero-
metric meteor wind radar system with a peak power of 7.5 kW, a duty cycle of 10% at a frequency of
38.9MHz, and a height resolution of typically 1.8 km. The pulse repetition frequency of the radar is 430Hz.
The antenna array consists of six crossed dipoles. A single aerial acts as the transmitter, and five separate aer-
ials, which are configured as an interferometer, act as the receivers. Themean daily meteor count recorded by
this meteor radar is about 6000, and almost all meteor echoes appear in the altitude region 70–110 km with
the peak counts near 90 km. The echo rates have pronounced diurnal variation, with the peak rates in the
early morning hours and smallest rates in the evening hours. Winds in the 70–110 km altitude region could
be calculated by detecting the Doppler shift of meteor trails.

Coverage of the FPI and MR stations and data available is shown in Figure 1. The red and blue asterisks
indicate the locations of the FPI and MR stations, respectively. The red and blue circles around the two
stations denote the maximum ground coverages when the FPI telescope field of view (FOV) and MR radio
beam intersect with the MLT region (at the height of 90 km). As shown in Figure 1, the FPI and MR stations
are very close to each other and suitable for measurement comparisons. The availability of the FPI and MR
observations is shown in the top right of Figure 1. It can be seen that the MR station has a complete
record of observations except for a few data gaps. The FPI station has more data gaps due to poor
weather conditions. From February to April 2013, no FPI observation was made due to electricity failure
at the Kelan station.

The distance between the FPI station at Kelan (38.7°N, 111.6°E) and the MR station at Beijing (40.0°N, 116.4°E)
is about 430 km. As the FPI telescope pointing to the northeast direction and the MR radio beam pointing to
the southwest direction, the 100 km subpoints of two instruments in the MLT region are less than 200 km
apart. This distance is quite small relative to the large-scale of winds in the mesosphere. The FPI spectrometer
integrates over the sampling volume and weights the bulk motion of the molecules according to the airglow
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altitudinal distribution of brightness. This distribution usually has a full width at half maximum (FWHM) of
about 6–10 km [O'Brien et al., 1965; Baker and Stair, 1988]. Therefore, the FPI winds derived from OI
(557.7 nm) and OH (892.0 nm) airglows are a weighted averaged winds according to the airglow profiles with
a FWHM of about 10 km and peak height at 87 km and 97 km. However, the MR winds, which range from
70 km to 110 km, have a very good height resolution of 2 km, as shown in Figure 1. In order to make a good
comparison, the MR winds from height of 82 km to 92 km (green box in Figure 1) and from height of 92 km to
102 km (red box in Figure 1) are first binned and averaged along the height to derive themean winds at every
hour that are representing “height-averaged winds” at 87 km and 97 km, in respectively. Second, the “height-
averaged” winds at every hour are then binned and averaged according month and hour to form the
“monthly-hourly averaged winds” of MR. Therefore, the monthly-hourly averaged winds, which represent
mean winds averaged within a certain height range, are used in the wind data comparison and investigation
of the climatology of night winds in the MLT over central China. Since it is generally believed that the geo-
magnetic disturbance has no obvious influence on the winds in the mesosphere [Ma et al., 2001; Sivla and
Mtumela, 2012; Yu et al., 2014], data during geomagnetic disturbance are not removed when the monthly-
hourly averaged winds are formed in this study.

3. Results

When making comparison of the FPI and MR winds, it would be ideal to compare identical period of simul-
taneous measurement, as well as the monthly-hourly averaged winds. It should be kept in mind that several
assumptions when making this comparison: (1) use of the FPI to observe MLT winds ignores the reality that
the variation of airglow layer with time and (2) the FPI and MR observe the same bulk of molecules in MLT,
which moves with the same speed due to their close distance.

Figure 1. (top left) Locations of FPI station at Kelan (111.6°E, 38.7°N) and MR station at Beijing (116.37°E, 39.98°N) and
(top right) coverage of FPI and MR database. (bottom) Horizontal winds simultaneously measured by MR (blue arrows)
and FPI (black arrows) on 20 June 2014; the green and red boxes are the height-averaged windows, in which the
measurements are averaged to represent winds at the heights of 87 km and 97 km, in respectively.
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3.1. General Comparisons

Figure 2 provides an example of real-time comparison of FPI and MR wind measurements in 2014. Four-day
wind data observed on spring equinox, summer solstice, autumn equinox, and winter solstice in 2014 are illu-
strated. In Figure 2, the MR and FPI winds are seen to rotate uniformly in a clockwise direction with a period of
about 24 h and with velocities of 10–50m/s. The FPI and MR winds show a very good agreement on all the
4 days; the discrepancies between FPI and MR data become slightly large during 11:00–20:00 UT on spring

Figure 2. Real-time comparison of FPI (red arrows) and MR (blue arrows) winds at spring equinox, June solstice, September
equinox, and December solstice in 2014. Very good agreement at September equinox and December solstice, poor
agreement at spring equinox and June solstice, and better agreement at the height of 87 km than that at 97 km.

Figure 3. Long-term comparison of the monthly-hourly averaged winds of FPI (red arrows) and MR (blue arrows) observa-
tions from 2012 to 2014. Very good agreement from May to December, poor agreement from January to March, and
better agreement at the height of 87 km than that at 97 km.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022997

YU ET AL. COMPARISON WIND OF FPI AND METEOR RADAR 10,041

 21699402, 2016, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016JA

022997 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [06/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



equinox and June solstice. The agree-
ment between two instruments is
found to be better at the height of
87 km than that at 97 km. The worst
agreement is observed at 97 km on
spring equinox, namely, all the MR
and FPI winds arrows nearly pointing
to different directions in most time;
only a favorable agreement is at
21:00 UT, but this agreement is unre-
liable because the errors of FPI wind
measurement greatly increased due
to dawn degrade the signal-to-noise
ratio [Yu et al., 2014].

In order to make a long-term compar-
ison, the monthly-hourly averaged
zonal winds of FPI and MR winds
observed at the heights of 87 km
and 97 km are shown in Figure 3.

Similar to that of the real-time comparison in Figure 2, very good agreements between the 4 year averaged
FPI and MR winds is shown in Figure 3. Again, better agreement is observed at the height of 87 km than that
of 97 km. From April to December, especially from May to August, the winds at both the 87 km and 97 km
altitudes show a high degree of consistency as compared to any other months. Obvious discrepancies are
observed from January to March. It is found at the altitude of 97 km; major discrepancies are observed after
midnight of November and December and during the whole night of January to March.

3.2. Wind at the Height of 87 km

Figure 4 shows themonthly-hourly averaged zonal winds at the height of 87 kmmeasured by the FPI (bottom
plot) and MR (top plot). The most conspicuous similar features of the FPI and MR zonal winds are the two jet-
like westward maxima of winds occurring at around 18:00 UT in equinoctial months. Both the FPI and MR
zonal winds are characterized by a strong semiannual variation at 18:00 UT and 06:00 UT with a maximal
strength of about �20m/s in the equinoctial months and by a strong annual variation at 12:00 UT and
00:00 UT with a maximal strength of about 40m/s in the summer solstice months.

Figure 5 shows the monthly-hourly
averaged meridional winds at the
height of 87 km measured by the FPI
and MR. The most notable feature in
the MR meridional wind measure-
ments (top plot) and the FPI meridio-
nal wind (bottom plot) is an obvious
annual variation with a maximal
strength of about �40m/s at around
15:00 UT in the summer months. The
FPI and the MR meridional winds are
generally southward at around 03:00
UT and 15:00 UT in most months of
the year.

In order to obtain the quantitative
similarity between the MR and FPI
winds, the two-dimensional wind
matrix shown in Figure 5 is reshaped
into one-dimensional data series.
These long-term data series, which

Figure 4. The monthly-hourly averaged zonal winds at 87 km derived by the
(top) MR and (bottom) FPI data.

Figure 5. The monthly-hourly averaged meridional winds at 87 km derived
by the (top) MR and (bottom) FPI data.
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are predominant with a semidiurnal
variation and very weak annual and
semiannual variations, are used to
calculate the cross-correlation coeffi-
cients between FPI and MR winds.
The correlation coefficients between
the FPI and MR winds are shown in
Figure 6. High correlations are found
for both the zonal and meridional
winds, namely, with correlation coef-
ficient Rz= 0.90 for the zonal wind
and Rm=0.95 for the meridional
wind. The correlation coefficient of
meridional wind is slightly larger than
that of zonal wind.

The differences between the day-
to-day real-time measured winds
and the monthly-hourly averaged
winds, which are defined as a root-

mean-square error (RMSE) of winds by formula 1, could describe the day-to-day variability averaged in a
sense over a year.

RMSEh ¼
XN

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wi

h �Wm
h

� �2
N � 1

s
(1)

where Wi
h is the daily wind data measured at the hth UT in the ith day in a year, Wm

h is the monthly aver-
age of all the Wi

h in a year, and N is the number of days in a month. A total of 24 RMSEh can be obtained,
each corresponding to 01:00 UT hour. As shown in Figure 7, the RMSEs of both the FPI and MR winds have
similar amplitudes, most range from 12m/s to 16m/s. In the daytime, the RMSEs of MR wind measure-
ments have a weak peak at around 03:00–05:00 UT and trough at around 08:00–10:00 UT. In the nighttime,
no obvious temporal variations in RMSE are observed for both the FPI and MR wind data. Overall, the
RMSE of MR zonal wind is larger than that of MR meridional wind.

3.3. Winds at the Height of 97 km

Themonthly-hourly averaged zonal winds at 97 km derived from the FPI (bottom plot) and MR (top plot) data
are illustrated in Figure 8. General similarity between the FPI andMRwinds could be found in Figure 8, but the

differences are more significant than
those at 87 km as shown in Figure 4.
The FPI zonal wind shown in the
bottom plot of Figure 8 shows two
jet-like westward maxima in the
equinoctial months, and it is charac-
terized by a semiannual variation
occurring at around 18:00 UT with
magnitudes not higher than
�15m/s. In the top plot of Figure 8,
the MR zonal wind data have a very
weak asymmetric semiannual varia-
tion, and their amplitudes are rela-
tively smaller than the MR winds at
87 km. A strong annual variation of
the MR wind, which has a maximal
strength of about 40m/s, is pro-
nounced at 12:00 UT and 00:00 UT
in summer solstice months.

Figure 6. The scatterplots of FPI and MR monthly averaged winds at 87 km;
the dashed lines indicate the regression line of MR against FPI winds, and
the correlation coefficients between measurements and their lower and
upper bounds for a 95% confidence interval are shown in top left corner.

Figure 7. Daily variation of the root-mean-square error (RMSE) of monthly-
hourly averaged winds at 87 km.
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The monthly-hourly averaged meri-
dional wind measurements at 97 km
are very similar to those at 87 km.
First, the annual variation is still
notable at around 15:00 UT. The
southward wind reaches maximal
strength of about 40m/s at around
15:00 UT in summer months.
Another weak semiannual variation
of southward wind reaches maximal
strength of about �40m/s at
03:00–04:00 UT in both spring and
autumn equinoctial months. In the
rest time, the meridional wind is
generally northward without pro-
nounced annual variation (Figure 9).

As demonstrated in Figure 10, the
correlation coefficients between
measurements at the height of

97 km are about 0.86 for meridional wind and 0.73 for zonal wind. It is apparent that the meridional cor-
relation coefficients are slightly higher than those of zonal winds. The correlation coefficients at 97 km are
generally smaller than those at 87 km.

Figure 11 shows the temporal variations of the FPI and MR wind RMSEs at 97 km. In general, the RMSEs of
FPI and MR winds, which are in the range of 10~18m/s and 15~21m/s, respectively, are approximately
in the same amplitude. The most notable feature of Figure 11 is a minimal RMSE occurring at around
08:00–12:00 UT for both zonal and meridional winds, like the wind RMSE at the height of 87 km in Figure 7.
Moreover, there are RMSE peaks around 03:00–05:00 UT and troughs around 08:00–10:00 UT, which are
more pronounced than those at 87 km. In general, the RMSEs of both MR and FPI winds at 97 km are slightly
higher than those at 87 km. No obvious temporal dependence of the RMSE is found in the nighttime.

4. Discussions

Our comparisons in general show a very good agreement between the FPI and MR wind measurements,
which are consistent with the previous studies such as Phillips et al. [1994]. But some discrepancies between

FPI and MR winds are apparent,
and these discrepancies seem to be
height and geomagnetic field depen-
dent. First, according to the real-time
comparison in Figure 2 and the long-
term comparison in Figure 3, better
agreements are found at the height
of 87 km than that at the height of
97 km. Second, according to the
scatterplots of FPI and MR wind mea-
surements in Figures 6 and 10, the
correlation coefficients of long-term
FPI and MR winds have obviously dif-
ferent magnitudes at two altitudes
(87 km and 97 km) and in two direc-
tions (meridional and zonal). The cor-
relation coefficients of long-term FPI
and MR data at 87 km are higher than
97 km, and correlation coefficient of
the meridional wind is higher than

Figure 8. The monthly-hourly averaged zonal winds at 97 km derived by the
(top) MR and (bottom) FPI data.

Figure 9. The monthly-hourly averaged meridional winds at 97 km derived
by the (top) MR and (bottom) FPI data.
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the zonal wind. Without other mea-
surements, it is however difficult to
tell which one has more reasonable
measurements, because it is impossi-
ble to determine the “true” winds in
the atmosphere. In the following, all
the possible reasons that could lead
to those discrepancies are to be
discussed.

4.1. Variation of Peak Height and
FWHM of Airglow Layers

The variations of the height and pro-
file shape of airglow layers should
be considered as primary cause of
the differences between MR and FPI
winds, particularly for the winds mea-
sured by FPI at the height of 97 km. It
is well known that the FPI spectro-
meter integrates over the sampling

volume and weights the bulk motion of the molecules according to the airglow distribution of brightness
with height [Wu et al., 2004]. Previous studies showed that the airglow layer distributed at altitudes with
a peak at the height of 87 km (for OH 892.0 nm) and 97 km (for OI 557.7 nm) and with a FWHM about
6–10 km [O'Brien et al., 1965; Yee and Abreu, 1987; Baker and Stair, 1988]. Recent investigations also reported
a significant variation of airglow peak height up to several kilometers with longitudinal, latitudinal, diurnal,
and seasonal variations [Shepherd et al., 1993; Phillips et al., 1994; Plagmann et al., 1998; Zhang and
Shepherd, 1999; Russell et al., 2005]. Many authors also noticed that the variation of profile of airglow may
have considerable influence on the interpretation of wind measurements by FPI. Fujii et al. [2004] attributed
the observed differences between MUmeteor radar winds and FPI winds to the vertical shift of the green line
layer height caused by gravity wave. Meriwether and Larsen [in his presentation, 2014] pointed out that the
green line wind speedmeasured by FPI is always much less than the maximum speed or considerably greater
than the minimum speed due to strong shear in horizontal winds existing within the OI volume emission pro-
file. In our views, the variations of airglow profile as well as the turbulent shear in the MLT probably have a
combined effect on the FPI measurements and lead to discrepancies between FPI and MR measurements.

In order to make clear how the variation of airglow layer peak height and FWHM influence on the discrepan-
cies of MR and FPI windmeasurements, a new data analysis method is introduced. When deriving the height-

averaged MR winds at the heights of
87 km and 97 km (as shown in the
bottom plot of Figure 1), a Gaussian
distribution weight coefficient, which
is similar to the “real profile” of air-
glow layer, is introduced instead of
the old uniform weight coefficient
described in section 2 of this paper.
The weight coefficient is defined as

f hð Þ ¼ 1ffiffiffiffiffiffiffiffi
2πσ

p exp � h� hp
� �2

2σ2

 !

(2)

where f(h) varies as a Gaussian-shape
function with a peak height of hp and
a FWHM of σ when the h ranges from
70 km to 110 km. In the following

Figure 10. The scatterplots of FPI and MRmonthly averaged winds at 97 km;
the dashed lines indicate the regression line of MR against FPI winds, and
the correlation coefficients between measurements and their lower and
upper bounds for a 95% confidence interval are shown in top left corner.

Figure 11. Daily variation of the root-mean-square error (RMSE) of monthly-
hourly averaged winds at 97 km.
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studies, the hp arbitrarily varies from 82 km to 92 km to simulate the peak height variation of 892.0 nm airglow
and varies from 92 km to 102 km to simulate the peak height variation of 557.7 nm airglowwith a step interval
of 1 km. The σ arbitrarily varies from 2.2 km to 18.8 km with a step interval of 2.4 km to simulate the variation
of FWHM.

The correlation coefficients between MR and FPI winds, as a function of the hp and σ, are shown in Figure 12.
In both plots, the blue and red lines represent the correlation coefficients between the MR and FPI winds at
the heights of 87 km and 97 km, respectively. The lines with circles and asterisks represent the correlation
coefficients between MR and FPI winds in meridional and zonal directions, respectively. From the top plot of
Figure 12, all correlation coefficient profiles rise slowly and then drop with the FWHM varying from 2.2 km to
18.8 km. From the bottom plot of Figure 12, it is noted that the profiles of correlation coefficients versus peak
height are much sharper than those profiles versus FWHM, which implies that the correlation coefficient are
more sensitive to changes of peak height than that of FWHM. The correlation coefficients rise quickly and
then drop with the peak heights in the range of 82 km and 92 km (corresponding to 892.0 nm airglow layer)
and in the range of 92 km to 102 km (corresponding to 557.7 nm airglow layer). The relative deviation of peak-
to-trough correlation coefficient, which is defined as below, is calculated from the eight profiles in Figure 12
and is listed in Table 1.

P2T ¼ max correlation coefficientð Þ � min correlation coefficientð Þ
min correlation coefficientð Þ �% (3)

According to Table 1, it is clear that variation of peak height (hp) could on average lead to the relative devia-
tion of peak-to-trough correlation coefficient (P2T) as high as about 20% at the height of 87 km and about
14.8% at the height of 97 km. In contrast, the influence of variation of FWHM (σ) is much smaller, which is
about 2.4% and 3.5% at the height of 87 km and 97 km, respectively.

Figure 12. The correlation coefficients between the MR and FPI winds as a function of (top) FWHM (σ) and (bottom) peak
height (hp) of airglow layer; the blue and red lines are the correlation coefficients of winds at the heights of 87 km and
97 km, and the lines with circles and asterisks are the correlation coefficients of winds in meridional and zonal directions.

Table 1. The Relative Deviations of Peak-to-Trough Correlation Coefficient (P2T, in Unit of %) Versus Peak Height and
FWHM Derived From Figure 12

Profiles

Rm at 87 km Rz at 87 km Rm at 97 km Rz at 97 km
Mean Deviation

at 87 km
Mean Deviation

at 97 kmParameter

hp 7.5 32.4 15.4 14.2 20.0 14.8
σ 2.5 2.3 2.3 4.7 2.4 3.5

Journal of Geophysical Research: Space Physics 10.1002/2016JA022997
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Moreover, according to Figure 12, the “best” FWHM and peak height, which correspond to the maximal
correlation coefficient, could be derived and shown in Table 2.

As shown in Table 2, the best mean peak height (hp) and FWHM (σ), which are derived from 4 year data com-
parison between MR and FPI measurements, are about 86.5 km and 8.2 km, respectively, for OH airglow
(892.0 nm) and 96.5 km and 8.7 km, respectively, for OI airglow (557.7 nm). These results are generally consis-
tent with the theory [Peterson et al., 1966] and other results [O'Brien et al., 1965; Gulledge et al., 1968; Yee and
Abreu, 1987; Baker and Stair, 1988].

4.2. The Effect of Geomagnetic Field

It is generally believed that the charged particles in meteor trail, which are composed of Fe+, Mg+, Si+, and
Na+, can be fully collided by neutral particles and moved at the same speed and in the same direction as
the neutral particles do. When measuring the motion of neutral particles in the upper atmosphere by MR,
the plasmas in the ionized trail, which is a very good reflectionmedium for radio radar wave, are usually taken
as an ideal target by radio radar instead of neutral particles. However, the assumption of same speed of neu-
tral and ionized particles does not always hold true. As the height increase, the numbers of neutral molecules
gradually decrease and the collision between neutral and charged particles become less frequent. Therefore,
the effect of other forces on charged particles, i.e., electric field and geomagnetic field, although relatively
smaller in middle latitudes, could not be completely ignored and may affect the movement of charged par-
ticles at higher altitudes. However, the neutral particles may be free from these electric and geomagnetic
forces. Therefore, themovements of charged particles may differ from the neutral ones. When usingMR radar
to measure wind, a basic assumption is that the motion of plasmas in the ionized trail was assumed to move
in the same speed and direction as the neutral atmospheric molecules do. However, as the increase of height,
the collision force of neutral particles on charged particles rapidly decreases, and the drag force of geomag-
netic and fields on charged particles slightly decrease; therefore, the charged particles would move at differ-
ent speed and direction from the neutral molecules. Therefore, MR wind derived from meteor ionized trail
may be not reliable as the height increasing.

Reid [1983] pointed out that influence of electric fields on radar-measured winds in the upper mesosphere
may be serious; in that, velocities of plasmas irregularities detected by radio radar may depart significantly
from neutral wind vectors, especially at auroral zone latitudes. Although the electric field are relative smaller
in middle latitudes, the electric and geomagnetic forces on charged particles in meteoroid could not be com-
pletely ignored and may have some influence on MR wind measurements at higher altitudes. It could lead to
the differences of correlation coefficient between MR and FPI measurements shown in Figures 6, 10, and 12,
which is much higher at the altitude of 87 km than that at 97 km and is much higher in the meridional com-
ponent than in the zonal component. This difference very likely arises from combined effects of electric and
geomagnetic fields in the MLT.

Following the momentum equation by Rishbeth and Garriott [1969], Zhou [2015] investigated the latitudinal
and altitudinal variations of the charged particles motion under driving of neutral winds as well as real electric
and geomagnetic fields. They found that the difference of motion between charged and neutral particles
became larger as the latitude and height increased. Simulation was conducted at Beijing station to study
the impact of electric and geomagnetic fields on wind speed. Their simulation results showed that velocity
difference between neutral and charged particles was about 0.2% at the height of 86 km and the difference
increased to 0.8% at the height of 98 km. The simulation parameters, which referred from Xiong et al. [2004],
were given as the following: the zonal wind speeds 30m/s, meridional wind speed 10m/s, the vertical
winds speed 0.1m/s, the eastward electric fields 1mV/m, the southward electric fields �5mV/m, and the

Table 2. “Best” Peak Height and FWHM (in Unit of km) Correspond to Maximal Correlation Coefficient d

Profiles

Rm at 87 km Rz at 87 km Rm at 97 km Rz at 97 km
Mean Height
at 87 km

Mean Height
at 97 kmHeight and Width

hp 87 86 95 98 86.5 96.5
σ 7 9.4 9.4 8 8.2 8.7

Journal of Geophysical Research: Space Physics 10.1002/2016JA022997
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geomagnetic field derived from International Geomagnetic Reference Field 2000. This simulation can par-
tially account for difference of correlation coefficients at 87 km and 97 km.

Moreover, the correlation coefficients of zonal wind, which are clearly smaller than that of meridional wind at
both heights, are another interesting characteristic shown in Figures 6 and 10. Unfortunately, this difference
was not found in Zhou's simulation; namely, the velocity difference between neutral and charged particles
did not seem to be dependent on geomagnetic field direction according to Zhou [2015]. On the other hand,
a number of theoretical papers reported that geomagnetic field inhibits cross-field diffusion of meteor trail,
particularly at high altitudes [Kaiser et al., 1969; Jones, 1991; Dyrud et al., 2001]. When estimating the ambi-
polar diffusion coefficient, Lee et al. [2013] included meteors only below 90 km to avoid possible geomag-
netic effects. According their views, we speculate that the inhibition of ions in meteor trails across the
geomagnetic field can partially account for the difference of correlation coefficients in zonal and meridional
winds. In this assumption, the zonal winds measured by MR, which are perpendicular to geomagnetic field,
would be affected more by geomagnetic fields than the meridional winds measured by MR, which are partly
parallel to geomagnetic field over Beijing station (40.0°N, 116.4°E; geomagnetic inclination is about 58.3°).
However, it is completely different for the wind measured by FPI. The FPI detects the neutral motions by
measuring the airglow Doppler shift of neutral molecules in the atmosphere, and it is not affected by the
geomagnetic field.

The geomagnetic field could very likely have serious inhibition of the vertical movement and have no influ-
ence on parallel movement of charged particles in meteoroid. Therefore, the MR zonal winds, which are
derive from tracking the perpendicular movement of charged particles in meteoroid and are most seriously
influenced by geomagnetic field, could depart from the movement of neutral molecules, leading to a
smallest zonal correlation coefficient between measurements. The MR meridional winds, which are derived
from tracking the parallel movement of charged particles in meteoroid and are not influenced by geomag-
netic field, could havemovement very similar to neutral molecules, leading to a largest meridional correlation
coefficient between measurements.

4.3. Other Possibility

The numbers of observed meteoroid-ionized trail usually reach their maximal value at the height of 90 km,
which would lead to a more reliable and accurate winds derived by MR at around this height and a less
accurate winds at other height away from 90 km [Hocking, 1997; Kumar et al., 2007]. The height of max-
imal meteors number observed in Beijing MR is about 91 km, and the number of observed meteors
diminishes as an exponent function up to 110 km. A real-time meteor event detected by the MR over
Beijing station can be found at http://space.iggcas.ac.cn/Meteoradar.html. For this reason, the occasional
lack of enough numbers of meteor trails at the height of 97 km can be partially responsible for the dif-
ference in correlation coefficient.

The relatively pronounced discrepancies observed from January to March in Figure 3 could be associated
with the following reasons: (1) in the first winter of observation at Kelan, there was serious water vapor con-
tamination on the glass dome due to the large-temperature differences inside and outside of observation
room, which would result in extra bias in the FPI-derived wind measurements. In the recent years, a calorifier
was used to blow the dome to inhibit the formation of water vapor. (2) The lack of FPI measurement during
these months is shown in the right plot of Figure 1. There was a long-term gap of FPI measurement in 2013
due to a failure of electric power [Yu et al., 2014]. The lack of data may lead to large deviation of monthly-
hourly averaged winds.

As shown in Figure 11, the daily course of root-mean-square error (RMSE) of MR winds, which are in different
amplitudes at the heights of 87 km and 97 km, can be due to different amplitudes of tides and atmospheric
gravity wave (AGW) at these heights. Generally, the daily variation of AGW, which could lead to the day-to-
day variability of MR winds, should be partly responsible for this temporal variation as shown in Figure 11.
Ding et al. [2011] found that AGW occurrence in central China also had a semidiurnal variation. One peak
was at around 12:00 LT (04:00 UT), another was at around 24:00 LT (16:00 UT), and two troughs were at
around 08:00 LT (00:00 UT) and 18:00 LT (10:00 UT). In their views, the peak AGW at 12:00 LT (04:00 UT)
was attributed to the perturbation from lower atmosphere, which could lead to maximal RMSE at around
04:00 UT in Figures 7 and 11. The trough of AGW at around 08:00 LT and 18:00 LT also could lead to minimal
RMSE at around 10:00 UT in Figures 7 and 11. The second peak of AGW at around 24:00 LT (16:00 UT) was

Journal of Geophysical Research: Space Physics 10.1002/2016JA022997
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attributed to the electrodynamic process caused by plasma instability in the F layer, which is not related with
the AGW in lower atmosphere.

5. Summary

Over 4 year wind observations collected by FPI and MR over two adjacent stations in central China are used
to investigate the wind climatology in MLT and to made comparison with these different instruments. In
general, the FPI and MR wind measurements have very good agreements between each other, but some dis-
crepancies remain in the zonal wind and at the higher altitudes. Main results are summarized as follows:

1. The 4 year monthly-hourly averaged winds from 2012 to 2015 show that the FPI and MR winds generally
fit very well with each other from April to December, especially from May to August. Some discrepancies
are observed from January to March, which could be attributed to serious water vapor contamination on
the glass dome during the first year of observation, as well as the lacking of FPI measurement during these
months in 2013.

2. At the altitude 87 km, the monthly-hourly mean wind vectors show that the FPI and MR winds agree with
each other well in all months. Moreover, both the FPI and MR zonal winds have an obvious semiannual
variation with a maximal strength of �20m/s at around 18:00 UT in equinoctial month. The meridional
winds have an obvious annual variation with a maximal strength of �40m/s at around 15:00 UT in sum-
mer months. The correlation coefficients between the FPI and MR winds are as high as 0.95 for meridional
wind and 0.90 for zonal wind. The root-mean-square error (RMSE) of zonal and meridional winds ranges
from 12m/s to 16m/s for both the FPI and MR.

3. At the altitude 97 km, monthly-hourly mean wind field vectors show that FPI and MR winds agree with
each other well from May to October, but obvious differences exists in the rest months. Moreover, very
weak semiannual variation at around 18:00 UT could be found from both the FPI and MR zonal winds,
but the annual variation at around 15:00 UT is pronounced for FPI and MR meridional winds. The correla-
tion coefficients between the FPI and MR winds are 0.86 for meridional wind and 0.73 for zonal wind,
which are smaller than that of winds at 87 km. The root-mean-square error (RMSE) of winds range from
10 to 18m/s and 15 to 21m/s for FPI and MR winds, respectively.

4. The correlation coefficients between the FPI and MR winds, which are higher for the meridional wind than
the zonal wind and higher at 87 km than at 97 km, are difficult to explain because many factors can lead to
differences between the MR and FPI measurements. The variation of the height and profile shape of air-
glow layers, the effect of Earth's magnetic field on meteor-ionized particles, the relatively less meteoroids
observed at the height of 97 km, and the propagation of gravity waves could be responsible for the differ-
ences between the FPI and MR measurements.

A Gaussian distribution weight coefficient is used to calculate the height-averaged winds at 87 km and 97 km
instead of the old uniform weight coefficient, with which variations of the new correlation coefficients with
peak height and FWHM of airglow are investigated by shifting the peak height and FWHM. It is found that
variation of peak height could lead to a change of about 20% in relative deviation of peak-to-trough correla-
tion coefficient at the height of 87 km and about 14.8% at the height of 97 km on average. The variation of
FWHM can lead to a smaller change in relative deviation of peak-to-trough correlation coefficient, about
2.4% and 3.5% at the heights of 87 km and 97 km, respectively. The best estimate of peak height and
FWHM, which correspond to maximum correlation coefficient between MR and FPI measurements, are about
86.5 km and 8.2 km for OH airglow (892.0 nm) and 96.5 km and 8.7 km for OI airglow (557.7 nm), respectively.

It should be noted that both MR and FPI are very useful instruments for wind measurement in the upper
atmosphere. Any expectation of exact consistency between these measurements is not realistic. One should
notice that different techniques are involved in each instrument when using these data.
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