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Abstract. We analyzed the nighttime horizontal neutral small variations throughout the night. (2) The model zonal
winds in the middle atmosphere-@7 and~ 98km) and  and meridional nighttime wind variations are typically much
thermosphere~ 250 km) derived from a Fabry—Perot in- larger than those of observations~a87 km and~ 98 km.
terferometer (FPI), which was installed at Xinglong station (3) At ~ 250 km, model zonal wind compares well with the
(40.2 N, 117.2E) in central China. The wind data cov- observation in the winter. For spring and autumn, the model
ered the period from April 2010 to July 2012. We stud- wind is more eastward before03:00 LT but more westward
ied the annual, semiannual and terannual variations of thafter. The observed nighttime zonal and meridional winds on
midnight winds at~ 87 km,~ 98 km and~ 250 km for the = average are close to zero in the summer and autumn, which
first time and compared them with Horizontal Wind Model indicates a lack of strong stable tides. The consistency of FPI
2007 (HWMQ7). Our results show the following: (1) &t  zonal wind with model wind at- 250 km is better than the
87 km, both the observed and model zonal winds have simimeridional wind.

lar phases in the annual and semiannual variations. Howevekeywords Meteorology and atmospheric dynamics (clima-

the HWMO7 amplitudes are much Ia_\rge_r. (2) At98 km, tology; middle atmosphere dynamics; thermospheric dynam-
the model shows strong eastward wind in the summer sol- )

stice, resulting in a large annual variation, while the ob-
served strongest component is semiannual. The observation
and model midnight meridional winds agree well. Both are
equatorward throughout the year and have small amplituded Introduction

in the annual and semiannual variations. (3) There are large

discrepancies between the observed and HWMO7 winds arabry—Perot interferometers (FPIs) play an important role in
~ 250 km. This discrepancy is largely due to the strong semi-0bserving and studying the middle~ 87 and~ 98 km) and
annual zonal wind in the model and the phase difference iriPPer-thermospherie{250 km) winds. The global distribu-
the annual variation of the meridional wind. The FPI annualtion of FPI has been listed in Table 1 of Drob et al. (2008).
variation coincides with the results from Arecibo, which has The thermospheric winds at 250 km derived from 12 FPIs
similar geomagnetic latitude as Xinglong station. In General,aré important ground-based observational data to construct
the consistency of FPI winds with model winds is better atthe new-generation Horizontal Wind Model 2007 (HWMO7)
~ 87 and~ 98 km than that at- 250 km. We also studied (Drob et al., 2008). The middle-atmospheric wind data from
the seasonally and monthly averaged nighttime winds. Théviount John (44.0S, 170.4 E) and the South Pole are also

most salient features include the following: (1) the seasonallyincluded in HWMO07. Beside the wind data from FPI, data
averaged zonal winds at 87 and~ 98 km typically have  from radar, rocket and other ground-based instruments, and

satellites, as well as simulation data from a thermosphere—
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1366 W. Yuan et al.: FPI observations of nighttime mesospheric and thermospheric winds

ionosphere—mesosphere—electrodynamics general circulaf the lower atmosphere and are less influenced by solar
tion model (TIME-GCM), are also incorporated into and geomagnetic activities (Kazimirovsky and Vergasova,
HWMO?7. As it stands now, HWMO7 can provide horizontal 2009). However, global thermospheric winds are influenced
neutral winds from ground to an altitude of 500 km. More- by lower atmospheric waves, solar and geomagnetic activi-
over, the responses of neutral winds to geographical locatiortjies, as well as the interplanetary magnetic field (e.g., Em-
local time, season, geomagnetic activity, and the seasonahert et al., 2006a, b; Oberheide and Forbes, 2008). The ther-
variability of tides and planetary waves can also be describeanospheric winds at- 250 km derived from FPIs at 7 sta-
by HWMO7. The horizontal neutral wind models are, respec-tions are employed by Emmert et al. (2006a, b) to study
tively, HWMO7 and DWMO7 during geomagnetic quiet con- the responses of thermospheric winds to local time, latitude,
ditions and storm times. It should be noted that both theseason and solar cycle during the geomagnetic quiet time
effects of solar activities and interplanetary magnetic field,(Kp < 3). They showed that wind speeds increase with the
which have significant influences on the thermosphere windsolar EUV radiation (measured by the 10.7 cm solar radia-
(Emmert et al., 20064, b), have not been included in HWMOTtion flux) at high latitudes and in the geomagnetic equato-
and DWMO7. rial region, and decrease with the solar EUV at middle lat-
Compared to the previous versions, HWMOQ7 has incor-itudes (e.g., Millstone Hill and Arecibo). The responses of
porated much more ground-based observational data. Howthermospheric winds are saturated when F20160. How-
ever, there are few data coming from middle latitudes excepever, Brum et al. (2012) showed that the saturation effect
for Mount John (geographic latitude: 448; geomagnetic  does not occur when a different solar activity pra&y7p (=
latitude: 52.0S) and Millstone Hill (geographic latitude: (F10.7a+F10.7)/2) is used (here F10.7a is the 81-day aver-
42.6° N; geomagnetic latitude: 53.N), and Arecibo (ge- age of F10.7). Brum etal. (2012) ascribed this to the different
ographic latitude: 18“N; geomagnetic latitude: 29.N). proxies since the thermospheric wind variability is affected
Although Mount John and Millstone Hill are at middle ge- both by solar EUV and UV heating, which can be represented
ographical latitudes, their geomagnetic latitudes are largebetter by F197p. Emmert et al. (2006a, b) also showed that
The thermospheric winds over Mount John and Millstone the nighttime meridional wind was equatorward with a peak
Hill are likely more affected by aurora heating from high lat- of ~50ms! around 22:00LT at low latitudes, whereas it
itude (Hagan, 1993) than those over Xinglong. On the othercan be as large as 150-200T sluring 00:00-03:00 LT at
hand, since the Arecibo station is located at low geographicamiddle and high latitudes. As for the nighttime zonal wind,
latitude and middle geomagnetic latitude, the thermospheridt was mainly eastward with a peak 6150 ms 1. Emmert
winds over Arecibo have typical characteristics of middle lat- et al. (2006a) have shown that the thermospheric zonal wind
itudes (Emmert et al., 2006a). over Arecibo exhibited annual variation during solar mini-
It should be noted that HWMO7 has not incorporated mum and exhibited semiannual variation during solar maxi-
the middle-atmospheric wind data over Arecibo. More- mum.
over, HWMO7 has not included the middle- and upper- A FPI was installed at the Xinglong station (geographic
thermospheric wind data from ground-based observationgocation: 40.2N, 117.4 E; geomagnetic location: 29.8l,
over China either. Consequently, it is necessary to examind93.2 E) of the National Astronomical Observatory in Hebei
the applicability of HWMO7 over middle latitudes. Since the Province, China (Yuan et al., 2010). We have performed
non-migrating atmospheric tides can cause the longitudinasome preliminary studies based on the FPI data. Firstly,
variations of middle-atmospheric and upper-thermospheriove compared the FPI winds during the period of 5 April—
winds (Luhr et al., 2007; Husler and bihr, 2009; Talaatand 12 May 2010 with HWM93 (Yuan et al., 2010). Our compatr-
Lieberman, 2010; Forbes et al., 2012; Wu et al., 2012), itisons showed that the winds from FPI agreed well with those
is important to observe the middle-atmospheric and upperfrom HWM93 at the altitudes of 87 and~ 98 km and ex-
thermospheric wind by FPI over China. The observed windshibited apparent semidiurnal variations. However, there is a
are helpful to study the dynamics of middle and upper ther-large discrepancy between the winds from FPl and HWM93
mosphere, and to improve the accuracy of middle- and upperat ~ 250 km. Secondly, the winds at the altitude~eB7 km
thermosphere models. simultaneously measured from FPI and meteor radar at Bei-
There are many studies on middle-atmospheric wind baseging (~ 100 km away from FPI, e.g., Yu et al., 2013) dur-
on radar and lidar observations and satellite observationgng April-May 2010 are compared with HWMOQ7 (Jiang et
(e.g., Dartt et al., 1983; Kazimirovsky and Vergasova, 2009;al., 2012). The monthly averaged nighttime winds from FPI,
Shepherd et al., 2012). Whereas observational studies ometeors, and HWMO7 exhibit a similar trend except for some
thermospheric winds are confined to the data from a few in-discrepancy in the meridional winds. Jiang et al. (2012) also
coherent scatter radar (ISR), FPI, and satellite observationshowed that the meridional winds from FPI and meteor radar
(e.g., Drob et al., 2008; Emmert et al., 2006a, b, 2008; Sanexhibit periodical oscillations with a period of 5 days. These
tos et al.,, 2011; Wu et al., 2012; Shepherd et al., 2012)comparisons indicate that our FPI is a reliable instrument to
It has been generally accepted that the middle-atmospherimeasure the middle-atmospheric winds.
winds at middle latitudes are mainly influenced by the states
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Fig. 1. Distributions of the valid data numbers in zonal and meridional winds in each night at the three airglow layers during April 2010—
July 2012.

The wind data from our FPI used for this study cover a pe-HWMOQ7 over China. In our comparisons, the geomagnetic
riod of over two years since 2010. The length of the data al-activity (three-hour Ap index) over this period is substituted
lows us to study the long-term variations (e.g., annual, semiin HWMOQ7.
annual, and terannual variations) of nighttime winds. One
purpose of this paper is to study the long-term variations
of the midnight winds in the middle atmosphere&7 and 5 |nstrument and data
~ 98 km) and thermosphere-(250 km) over China. This is
because there are more data at midnight. Assuming a confhe FP installed at Xinglong station was in operation reg-
stant tidal phase, SeIeCting the m|dn|ght data can exclude thg|ar|y since Apr” 2010. It measured the airg|ow radia-
variations caused by tides. The other purpose is to analyzgons from three layers: OH 892.0 nm, Ol 557.7 nm and Ol
the seasonal variations of nighttime winds. Moreover, bothg30.0 nm. For each airglow layer, five directions (one zenith
the long-term variations of the midnight wind and the sea-gjrection and four cardinal directions) at an elevation angle of
sonal variations of nighttime winds will be compared with 45> are measured in sequence (zenith, east, west, north, and
the winds from HWMO7 to examine the applicability of south) in one duty cycle. The exposure time in each direction
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Fig. 2. Distributions of the valid data numbers in zonal and meridional winds in each night at the three airglow layers after binning all the
data into one year with respect to the day number.

of one cycle is 3min for OH 892.0 nm and Ol 557.7 nm, and Ap index) but exclude the effects of solar activities (F10.7)
5min for Ol 630.0nm. Thus, the time resolution+s1h and interplanetary magnetic field. To compare the winds
(Jiang et al., 2012). From the interference patterns of airglowfrom FPI and HWMO07, we applied the three-hour Ap
radiations, horizontal winds at the altitudes o187, ~ 98 index (fromftp://ftp.ngdc.noaa.gov/ISTP/GEOMAGNETIC
and ~ 250 km are derived with a time interval ef 1 h. A DATA/INDICES/KP_AP/) into the HWMO7 model. In Fig. 3,
detailed description of the FPI and data processing methodve plot the temporal evolutions F10.7 during April 2010—
can be found in Wu et al. (2004) and Yuan et al. (2010). July 2012 (Fig. 3a) and the binned F10.7 over the three years
Here, we concentrate on the distributions of the available(Fig. 3b). Figure 3 shows the large variability of F10.7 during
wind data from April 2010 to July 2012. Firstly, this study our observation period. The daily averaged Ap index shows
employed the winds at- 87, ~ 98, and~ 250km, which  that this period is geomagnetically quiet in general except for
are derived from the airglow radiations of OH 892.0 nm, Ol three storms (58 Ap < 100). The sample data during storms
557.7 nm, and OI 630.0 nm, respectively. Secondly, the crite-are too scarce to resolve the responses of thermospheric wind
ria to select valid data are as follows (Yuan et al., 2010; Jiang~ 250 km) to geomagnetic activities. Thus, this will not be
et al., 2012): (1) the observed standard deviation (STD) isdiscussed here.
less than 40 ms'; (2) the wind speed is less than 150 s
and (3) there are at least 5 data points (approximately 5h
of observation) per night. The distributions of the valid data3 Annual variations of midnight winds and compar-
numbers of the zonal and meridional hourly winds in each  jsons with HWMO07
night from April 2010 to July 2012 at the altitudes &f87,
~ 98 and~ 250 km are presented in Fig. 1. The gap during The vertical structures and variations of middle-atmospheric
May-August 2011 was due to instrument problems. As ex-wind have been studied extensively using observations from
pected, there are more available data in the winter monthground-based instruments (e.g., rocket, radar and lidar) and
due to the long nights. The numbers of valid hourly datasatellite observations. However, comprehensive studies re-
points are~ 12-13 (approximately 12—-13 h of observation) lated to the temporal evolutions of the winds both in the mid-
around winter solstice. dle atmosphere and in thermosphere are scarce. Although
To study the annual variations of midnight winds and theit has been reported that the seasonal variation of thermo-
seasonal variations of nighttime winds, and to offset thespheric wind is symmetric with respect to winter solstice, it
missing data in some days, we binned all the valid data havhas a large difference between the two equinoxes (Emmert et
ing the same date from different years to have a yearly comal., 2006a). Consequently, it is important to study the mid-
posite. We note that the binned data reduce the statistical edle and thermospheric winds, their seasonal characteristics
ror to some extent but may increase the observational variand their variations with local time. Moreover, comparison
ability. The numbers of the valid data binned to one year arebetween the observations and model wind is helpful to un-
shown in Fig. 2. It can be seen that the binned data cover thelerstand and improve middle- and upper-atmospheric wind
entire year except for a few missing days. models.
The wind data from HWMQ7 are also used in this study. The midnight winds (00:00 L% 1 h) are chosen to com-
It should be noted that HWMO7 included the effects of pare with those from HWMO7 since (1) there are more data
geomagnetic activities (input parameters are the three-houat midnight; (2) the winds averaged over a local time intervall
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Fig. 3. Temporal evolutions of F10.7 during April 2010-July 2q&2and the binned F10.7 over the three yghjs

can reduce the tidal effects. In Fig. 4, we present the midnighstice than in the winter months. This contrast is more no-
winds obtained from FPI (black dot) and HWMOQ7 (green ticeable in the meridional than in the zonal wind. The vari-
dot) at altitudes of- 87, ~ 98, and~ 250 km. To make the ation of the monthly averaged zonal wind from FPI coin-
data distribution more visible, we omitted the error bars of cides well with that from HWMO7. Both of them exhibit
the midnight winds from FPI in Fig. 4. The typical error similar annual and semiannual variations with respect to
associated with the measurement can be found in Yuan gbhases. However, the amplitudes of the periodical variations
al. (2010) and Jiang et al. (2012). In Fig. 4, we also presenteare larger in HWMO7. As indicated in Table 1 and Fig. 5, the
the monthly averaged winds as red triangles with the erroHWMO7 annual- and semiannual-variation amplitudes are
bars indicating the monthly variability. The error bar is the more than twice of those observed. The observed and model
STD of the same data used to calculate the monthly mean. midnight zonal winds have eastward DC biases of 6fns
To study the long-term variations of midnight winds, we and 10 ms? respectively. The smaller amplitude in the ob-
performed least-square (LS) harmonic fittings (Lomb, 1976)servation may be due to the fact that the airglow layer has a
with annual, semiannual, and terannual components to th¢hickness of over 10 km and the vertical wavelength of tides
midnight winds shown in Fig. 4. The sums of all the har- is relatively short.
monic components are shown as black lines for FPI winds The monthly averaged meridional wind from FPI is weak
in Fig. 4. Moreover, the variations with annual (solid line), throughout the year. Nevertheless, the meridional winds of
semiannual (dash line), and terannual (dash dot line) comthe model and FPI from autumn equinox to vernal equinox
ponents, as well as the annual mean wind (dot line) at threéargely agree with each other, while the agreement is not
heights from FPI (black) and HWMO7 (red) are shown in so good in the other half year. The long-term variations in
Fig. 5. The amplitudes and phases of each component frorthe observation are mainly annual and terannual even though
harmonic fit to the winds at three heights from FPI and both have small amplitudes. In contrast, the meridional wind
HWMO7 are listed in Table 1. The phase is the day of yearfrom HWMOQ7 is dominated by an annual variation with an
when the zonal (eastward positive) or meridional (northwardamplitude of 21 ms?, far exceeding the FPI amplitude of

positive) wind achieves its maximum value. 11.4ms?t. The model midnight meridional wind also has
a larger (15 ms?') southward DC bias than the observation
3.1 Midnight winds at ~ 87 km (8ms™1) (since the data is not the daily average, the bias

does not necessarily mean that the prevailing wind in the
model is more southward). The large annual variation and the
southward DC bias in the model wind results from a 40hs
Surge around summer solstice. Despite the large difference in

The zonal (eastward positive) and meridional (northward
positive) winds at~ 87 km shown in Fig. 4 indicate that ob-

served winds generally have smaller variability, as indicate
by the error bars, from the vernal equinox to the summer sol-

www.ann-geophys.net/31/1365/2013/ Ann. Geophys., 31, 136578 2013
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Table 1. Amplitudes and phases of annual, semiannual, and terannual variations for FPI and HWMO7 winds By Y%f year).

Zonal wind Meridional wind
Altitude (km) - Period (year) Amplitude (ms™1) Phase (DoY) Amplitude (nsh) Phase (DoY)
FPI HWMO7 FPI HWMO7 FPI HWMO7 FPI HWMO7

1 7.6 19.1 10 8 11.4 21.0 361 356

~ 87 1/2 11.0 24 182 181 0.8 2.7 32 81
1/3 2.9 1.1 43 60 4.8 0.3 69 60
1 3.7 14.3 107 175 4.1 3.4 302 264

~ 98 1/2 8.1 10.9 174 154 55 5.3 55 76
1/3 1.6 0.2 50 19 1.2 0.2 61 117
1 23.0 21.3 2 329 7.0 17.8 238 326

~ 250 1/2 5.9 23.2 18 67 3.3 15.6 151 76
1/3 0.4 1.8 102 113 2.9 0.1 21 39

Zonal Meridional

Speed (ms™)

Speed (ms™)

Speed (ms™)

ool . o ot R D RV DI B

Day of Year Day of Year

Fig. 4. Midnight zonal (eastward positive) and meridional (northward positive) winds obtained from FPI (black dot) and HWMO7 (green
line) at the altitudes of- 87 km (lower row),~ 98 km (middle row), and- 250 km (upper row), respectively. The monthly averaged winds
and their standard deviations are shown as red triangles and error bars.
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Fig. 5. Harmonic components of annual (solid line), semiannual (dash line), and terannual (dash dot line) variations and the annual mean
(dot line) for midnight zonal (eastward positive) and meridional (northward positive) winds obtained from FPI (black) and HWMO7 (red)

at the altitudes of- 87 km (lower row),~ 98 km (middle row), and~ 250 km (upper row), respectively. The annual midnight model zonal

wind mean and observation meridional wind are, respectively, 39.7-85 ms-1, which are out of the plotted range in Fig. 5.

amplitude, the model and FPI phases in the annual variatior3.2 Midnight winds at ~ 98 km
are nevertheless in agreement.
Comparison of the winds from the FPI and a meteor radarThe zonal and meridional winds from FPI-at98 km have

100 km away (Yu et al., 2013) with HWMO7 shows that, al- similar STD as those at 87 km throughout the year. The

though the meridional wind from FPI has a similar trend asday-to-day variability in general appears to be consistent

that from meteor radar, the observed FPI and meteor radahroughout the year except in the zonal wind in spring. The

winds are weaker than the wind from HWMO7 (Fig. 4 of strongest component in the observed zonal wind is the semi-

Jiang et al., 2012). Using a much longer data set here, ousnnual variation, while the strongest component in the model

results also show that the observed wind is generally weakejs the annual variation. The phases of the semiannual varia-

than the model wind. One potential reason for the weaketion between the observation and the model agree reason-

FPI wind, as mentioned before, is that the airglow layer isably well, while they are very different in the annual varia-

relatively thick compared to the vertical wavelengths in this tion of zonal wind. Generally speaking, the model zonal wind

region. agrees with the observation around the equinoxes, while the
largest difference occurs around the solstices. In the merid-
ional wind, the overall agreement is very good even though
it appears that there is a slight phase difference between the
model and the observation. The harmonic analysis suggests

www.ann-geophys.net/31/1365/2013/ Ann. Geophys., 31, 136578 2013



1372 W. Yuan et al.: FPI observations of nighttime mesospheric and thermospheric winds

that the moderate phase difference is mainly in the semismaller at-7 ms1. Asin the zonal wind, the largest discrep-
annual variation of both zonal and meridional wind and in ancy between the model and the observation occur during the
the annual variation of meridional wind. We note that unlike equinoxes. The variations of observed and model winds from
zonal wind (and the zonal and meridional winds-a87 km), January to July are further seen to be anti-correlated. The
the observed amplitudes of both annual and semiannual varsouthward meridional wind in the midnight thermosphere
ations in the meridional wind are slightly larger than those in over the Northern Hemisphere is controlled by the circula-
the model. tion from Equator to polar region at daytime and from polar
As the centroids of the OH 892.0 nm-@7 km) and Ol  region to Equator at nighttime (Witasse et al., 1998; Emmert
557.7nm { 98km) airglow layers are only separated by et al., 2006a, b), which agrees with our observation.
11 km, comparison between the results from the two layers The amplitudes of long-term variations listed in Table 1
may shed light on the vertical wavelength of the dominant os-show that the zonal and meridional winds from FPI exhibit
cillation. The observed zonal winds between the two heightsstrong annual variation and weak semiannual and terannual
are well correlated and their difference is not substantial.variations. In contrast, both the zonal and meridional winds
This indicates that the vertical wavelength in this region isfrom HWMO7 exhibit strong annual and semiannual varia-
likely longer than 20 km. The meridional winds from January tions. As seen from Fig. 4, the strong semiannual variations
to July between the two layers do not show substantial differ-in the model are due to the enhancement of eastward and
ence either. However, from August to December, the signs osouthward winds during the equinox in the model. The phase
meridional winds between the two heights are largely oppo-of the model annual variation agrees largely with that of the
site, indicating potentially a much shorter wavelength duringobservation in the zonal component but disagrees with obser-

those months. vation in the meridional component. It should be noted that
the data used in this study are from the period of increasing
3.3 Midnight winds at ~ 250 km solar activity (see Fig. 3). Moreover, we should bear in mind

the fact that the meridional wind shows large variability. The
Figure 4 shows that the distributions of the midnight zonalgeomagnetic latitude of Xinglong station is similar to the
and meridional winds at 250 km vary greatly from one day Arecibo station despite their geographical latitudes differing
to another. The large variability in the thermospheric winds substantially. The trend and phase of the annual variations
can be induced by the solar activity, geomagnetic activity andof the ~ 250 km winds over Xinglong station are similar to
interplanetary field (Smith et al., 1994; Killeen et al., 1995; those over Arecibo (as seen from Figs. 5 and 9 of Emmert
Richmond et al., 2003; Emmert et al., 2006a, b; Drob et al.,et al., 2006a), while the wind amplitudes seem different be-
2008). In contrast, the variability of the model wind is not as tween the two sites. Similarity with the thermospheric wind
significant as the FPI wind. One contributing factor for the at ~ 250 km over Arecibo suggests possible influence of the
discrepancy of the winds between our observation and thgeomagnetic field on thermospheric winds.
model is that HWMO?7 included the influence of geomagnetic Comparison at the three heights shows that the degree of
activity (Ap index) but excluded the influences of solar activ- consistency of midnight winds between FPI and HWMOQ7
ity and interplanetary magnetic field. It should be noted thatis worse at~ 250 km than at~ 87 and~ 98km. This is
the solar activity dependence of thermospheric wind has beemainly because the influences of solar activity and inter-
explored by Emmert et al. (2006a, b) and Brum et al. (2012).planetary magnetic field on middle-atmospheric winds are
Brum et al. (2012) also showed that the dependence of themweaker than on thermospheric winds. Our comparison sug-
mospheric wind on solar activity varies with local time and gests that it is necessary to parameterize the effects of solar
seasons. As seen from Fig. 3, the solar activity measured bgctivity and interplanetary magnetic field when one develops
F10.7 exhibits some variabilities during our observation pe-thermospheric wind models.
riod. The dependence is especially sensitive around midnight
(see Fig. 6 of Brum et al., 2012). lon drag can further cause
additional variability in the thermospheric winds, especially 4 Seasonal average nighttime wind and comparisons
in the seasonal variability. with HWMOQ7

Figure 4 indicates FPI and model zonal midnight winds

are eastward throughout the year. They agree during the solfo complement the seasonal variation of the midnight winds,
stices but disagree during the equinoxes. The model showse discuss the nighttime variations of the wind in differ-
strong enhancement during the equinoxes, which is lackent seasons in this section. In this study, the corresponding
ing in our observation. The strong eastward wind during themonths for spring, summer, autumn, and winter are 2-3-4,
equinoxes makes the semiannual variation a dominant feas-6-7, 8-9-10, and 11-12-1, respectively. The two equinoxes
ture in the model. The midnight meridional wind in the obser- and the two solstices are in the center of the corresponding
vation is strongly equatorward and shows only small fluctua-seasons. The seasonally averaged nighttime zonal and merid-
tions around a mean value 686 ms L. Although the model  ional winds from FPI and HWMO?7 at the altitudes ©f87,
wind also shows a southward bias, its mean value is much~ 98,~ 250 km are shown in Figs. 6 and 8, respectively. The
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average.
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error bars in each panel of Figs. 6 and 8 are calculated fronsponding local time. In the following, we discuss the night-
the standard deviation of the data points used for the seasontime variations of the seasonally averaged nighttime winds at
average. ltillustrates the variability of the winds at the corre-the three altitudes in turn.
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At ~ 87 km, the seasonally averaged nighttime variationstime variations in the winds from FPI at 98 km indicate
are generally very weak in the zonal and meridional windsthat there are relatively stable tides at this height.
from FPI as seen from Figs. 6 and 8. In contrast, the HWMO7 For the zonal wind at- 250 km, Fig. 6 shows that the
nighttime variations are apparent in summer and autumn. T@bserved and model zonal winds agree best in the winter.
understand the lack of nighttime variation in the seasonallyThe observed and model zonal winds for all seasons switch
averaged winds, we plot in Figs. 7 and 9 the monthly averagdrom eastward to westward during the night. The direction-
of the zonal and meridional winds, respectively. As seen fromswitching time in the model is typically around 04:00 LT with
Fig. 7, the nighttime variation of FPI zonal wind in most of the exception in the summer when the switching time occurs
the months (except August and September) does not fluctuatghortly after midnight. The direction-switching time in the
significantly, while the month-to-month variation is signifi- observation around the solstices agrees with the model. In
cant. Although our observation is limited to nighttime only, fact, Fig. 7 shows that around the solstices in June—July and
it appears that the zonal wind variation at 87 km is more con-December—January, FPl and model zonal winds largely agree
trolled by annual and semiannual variations than by tidesthroughout the night except around 22:00 LT in December—
The lower panel of Fig. 9 shows that the tidal amplitude in January when the observation shows an eastward peak wind
the meridional wind in the observation appears to be veryof ~85ms™. Around equinoxes, the direction-switching
small as well from October to March. The most significant time in the FPI is about 2 h ahead the model (as shown in
nighttime variations, presumably caused by tides, occur fronFigs. 6 and 7). The observation also shows a much smaller
spring to autumn equinox. Unlike observations, the modelamplitude variation in the summer months (from April to
winds exhibit strong nighttime variation, especially around September in Fig. 7) than in the winter months. This indi-

autumn equinox. cates that the tides are either weaker or have a less stable
Other than the fact that the airglow emission layer hasphase from spring to autumn equinox than the other months.
a certain thickness, the nighttime variations~a87 km are For the meridional wind at 250 km, the nighttime varia-

further likely weakened by the superposition of atmospheriction of the observed wind is apparent and has a strong south-
waves with different periods, such as gravity wave, migrat-ward peak during 00:00-02:00 LT from October to April, as
ing and non-migrating tides, and planetary wave (Yuan et al. seen from Fig. 9. In comparison, the model nighttime vari-
2010; Jiang et al., 2012). These waves have different phaseation has a similar trend but much weaker amplitude. From
and/or their phases vary with time. Moreover, the periods ofMay to September, the nighttime variation of the observed
tides may not be exactly 24 h, 12 h, etc. As aresult, the superwind is weak, but the model wind shows large variations. It
position of these waves may offset the nighttime variationsshould be noted that the seasonally averaged nighttime varia-
on the timescale of a season. The lack of strong tides in outions of our zonal and meridional winds generally agree with
observation warrants further investigation. the results from Arecibo, which is located at a similar geo-
At ~98km, the observed winds exhibit stronger night- magnetic latitude as Xinglong station (see Fig. 5 of Emmert
time variations than at 87 km although their amplitudes are et al., 2006a, and Fig. 8 of Brum et al., 2012), except for the
less than those in HWMO7 at 98 km (especially in the middle differences in wind amplitudes of the two sites. Moreover,
panels of Figs. 7 and 9). Unlike the winds at 87 km, the ob-the southward wind in the thermospheric nighttime wind is
served nighttime variation is larger than the annual variation.similar to that obtained from ten years of observations of MU
The model eastward wind shows a sharp turn around midfadar at Shigaraki, Japan (34, 136 E) (Kawamura et al.,
night, decreasing before and increasing after midnight very2000).
quickly. This “V"-shaped characteristic is largely reflected The nighttime variations of the seasonally averaged winds
in the monthly averaged observation although the observeat~ 250 km indicate that there are strong tides at this height
amplitude of variation is much smaller and the timing of min- in winter and spring. Moreover, the tides have a relatively
imum eastward is often after midnight. Also the observationstable phase. Otherwise, the superposition of nighttime wind
does not show the zonal wind being strongly biased eastwarat different days may be offset in one season and will not
as the model does in the summer months. The monthly avexhibit nighttime variations. We should note that the strong
eraged meridional wind compares very favorably with thediurnal tide in the meridional wind has been explored by the
model wind as seen in Fig. 9. The nighttime variation of MU radar at Shigaraki, Japan (3, 136 E) (Kawamura
meridional winds in the model and observation very muchet al., 2000). Because we have only nighttime data avail-
depends on the season (as seen in the middle panel of Figs.a@ble, we have not attempted to delineate the dominant tidal
and 9). From Fig. 9, we can find that, in the winter months modes. Tidal analysis is further complicated by the existence
from November to February, the observed meridional windof terdiurnal component, which can compete with diurnal
is northward in the early evening and early dawn hours whileand semidiurnal tides as shown by Gong and Zhou (2011)
it is southward around midnight. In the summer months, theusing incoherent scatter radar data. Thermospheric tides can
meridional wind changes from strong southward to strongbe generated in situ or in the lower and middle atmosphere,
northward during the few hours around midnight. The night- as discussed by Mler-Wodarg et al. (2001). Our data unfor-
tunately do not allow us to delineate which tidal generation
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mechanism is stronger. Nevertheless, the data presented here observed midnight wind variations largely do not agree

do provide a qualitative assessment of the overall seasonal

tidal amplitude at the three airglow heights.

5 Summary and conclusions

The wind data at the altitudes of 87, ~ 98, and~ 250 km
measured from FPI over Xinglong, China, from April 2010
to July 2012 are analyzed. The winds are also compared with
HWMO7 including the effects of geomagnetic activity (three-
hour Ap index). We studied the annual, semiannual, and ter-
annual variations of the midnight winds in the middle atmo-
sphere £ 87 and~ 98km) and thermosphere-(250 km).
Moreover, we also studied the variations of seasonally an
monthly averaged nighttime winds at the three airglow alti-
tudes.

The long-term characteristics of the observed midnight

winds and their comparisons with the HWMO07 are summa-
rized below:

1. At 87 km, the zonal wind shows annual and semiannual

variations with an amplitude of about 10 misfor both
components, while the meridional wind exhibits an-
nual and terannual variation with an amplitude of 11.4
and 4.8 ms?, respectively. The two strongest long-term
variations in the HMWO7 zonal wind are semiannual
and annual as in the observation, and they have the same

phases as the observation. The long-term variation of 5

the HWMO7 meridional wind is largely annual and its
phase agrees well with the observation. The model typ-
ically has much larger amplitude than the observation,
which may be due to the fact that the airglow layer has
a thickness not much narrower than the vertical wave-
lengths of tides at this altitude. The largest discrepancy
at this altitude between the model and the observation is
the presence of strong southward wind in the model in
the summer months.

. At 98 km, the strongest observed long-term variation in
both zonal and meridional winds is semiannual. The
strongest model long-term variation is annual in the
zonal wind, while it is semiannual in the meridional
wind. The phases of the model and observed semiannual
variations agree, while the phases of the annual vari-
ations do not agree. The largest discrepancy between
model and observation is in the zonal wind annual vari-
ation.

. At 250km, the FPI zonal and meridional winds are
dominated by the annual variation. Unlike the observa-
tion, the amplitudes of the semiannual and annual varia-
tions in zonal or meridional wind are similar. The semi-
annual variations in the model are due to enhancement

in the eastward (northward) wind during the equinoxes. 4.

Other than the annual variation in the zonal wind, the

Ann. Geophys., 31, 13651378 2013

4.

with the model. It should be noted that the trend and
phases of the annual variations in our observation are
similar to those observed at Arecibo, which has a simi-
lar geomagnetic latitude to but a different geographical
latitude than Xinglong, while the wind amplitudes are
different between the two sites. This indicates the pos-
sible influence of geomagnetic field on thermospheric
winds.

Comparing among the three layers, the consistency of
FPI winds with model winds is better at 87 and~
98 km than that at- 250 km.

fur study of the seasonally and monthly averaged nighttime
variations reveals the following:

1. At 87 km, the nighttime variations of the FPI zonal and

3.

meridional winds are small from October to March. The
largest variation in both zonal and meridional winds oc-
curs in August and September. This suggests that tidal
winds from October to March are either very small
or their phases vary significantly within a month. The
HWMO7 zonal wind, however, shows relatively large
nighttime variation most of the year, especially around
autumn equinox. The FPI meridional wind compares
well with the model most of the year except around
summer solstice.

At 98 km, both the FPI and model eastward winds de-
celerate but remain largely positive before midnight for
all the seasons. The model eastward wind accelerates af-
ter midnight, while FPI zonal wind is close to zero. The
observed nighttime meridional wind shifts from south-
ward to northward in spring, summer and autumn. For
these three seasons, the model meridional wind com-
pares well with the observation. In the winter, the ob-
served meridional wind is southward around 02 LT but
is northward after dusk and before dawn.

At 250 km, both the FPI and model zonal winds change
almost monotonically from eastward to westward over
night for all the seasons although the eastward-to-
westward cross-over time in the observation is ahead
of that of the model for all the seasons except win-
ter. The FPI nighttime meridional wind throughout the
year is predominantly southward, with the largest am-
plitude occurring around midnight. The FPI nighttime
variations in both zonal and meridional winds are larger
in winter and spring than in summer and autumn. The
strong seasonal dependence of the nighttime observa-
tion suggests that thermospheric tides over Xinglong are
likely much stronger and stable in winter—spring than in
summer—autumn.

The seasonally averaged FPI zonal and meridional
winds agree well with the model winds at 87 and
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98km. The consistency of FPI zonal wind with the Gong, Y. and Zhou, Q.: Incoherent scatter radar study of the terdi-
model wind at~ 250 km is better than the meridional  urnal tide in the E- and F- region heights at Arecibo, Geophys.
wind. Res. Lett., 38, L15101, ddi0.1029/2011GL048312011.
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