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Abstract. The diurnal tide (DT) and its variability in the

lower atmosphere over Chongyang (114.14◦ E, 29.53◦ N)

were studied based on the newly established Wuhan Univer-

sity (WHU) VHF radar observations with the height intervals

of 0.145 km (below 9 km) and 0.58 km (above 9 km) in the

whole year of 2012. We find that the DT was the dominant

tidal component and showed remarkable height and season

variations. A prominent seasonally dependent height vari-

ability characteristic is that maximum DT amplitude usually

occurs around 6 km in the winter and spring months, which

might be due to the tidal wave energy concentration arising

from the reflections from the strong eastward tropospheric

jet around 13 km and the ground surface. Our results sug-

gest that the background wind is a crucial cause for height

variability and seasonal variability of DT. In April 2012, a

notable strengthening of DT is observed. Meanwhile, the sig-

nificant higher harmonics of tides, i.e., the semidiurnal, ter-

diurnal, and even quarterdiurnal tides, can also be observed,

which has seldom been reported. Interestingly, these four

tidal components displayed consistent short-term variability,

implying that they were excited by the same dramatically

varying tidal source. In addition, we identified two symptoms

of the coupling of DT and planetary waves (PWs), which can

also lead to the short-term DT variability. One is the sum

and difference interactions between DT and PWs, causing

the tidal amplitude short-term variability as a consequence

of the energy exchange among the interacting waves. The

other one is the modulation of DT by PWs, leading to that

the amplitude of DT varies with the periods of the PWs.

Keywords. Meteorology and atmospheric dynamics (mid-

dle atmosphere dynamics; waves and tides)

1 Introduction

Atmospheric waves, including tides, gravity waves (GWs),

and planetary waves (PWs), are ubiquitous in the atmo-

sphere and are believed to exert a substantial impact on lo-

cal and global atmospheric climatology (Alexander and Pfis-

ter, 1995; Alexander, 1998; Batista et al., 2004; Kishore et

al., 2004). Atmospheric tides are global-scale waves with pe-

riods that are harmonics of a solar day, which are closely re-

lated to the large-scale circulation patterns and strongly mod-

ulate GWs’ energy and momentum flux. The lower atmo-

sphere is one of the primary tidal source regions. Absorption

of solar radiation by tropospheric H2O and stratospheric O3

and latent heating associated with deep tropical convection in

the troposphere are the most well-known sources of tidal ex-

citation (Hagan et al., 1995, 2001; Hagan and Forbes, 2002;

Sakazaki et al., 2010). Under the assumption of energy con-

servation, the amplitudes of tides excited in the lower atmo-

sphere grow with increasing altitude due to the exponential

decrease in atmospheric density when they propagate upward
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to the middle and upper atmosphere, and become one of the

most striking features of wind field there. Moreover, given

that gravity waves play a crucial role in determining local

and global atmospheric dynamics, as a portion of background

wind in which gravity waves propagate, tidal wind has a sig-

nificant impact on gravity waves (Beldon and Mitchel, 2010;

Huang, C. M. et al., 2013). Therefore, the tides generated

in the lower atmosphere can exert a critical influence on not

only the structure and characteristic of the lower atmosphere

but also on those of the middle and upper atmosphere.

Tides propagating in the atmosphere are dominated by

tidal sources and background winds, the seasonal variability

of which would manipulate the seasonal variability of tides

(Hagan et al., 1997; Forbes et al., 1997; McLandress, 2002;

Zhang et al., 2012). On the basis of observational and theo-

retical research in the recent decades, comprehensive under-

standing about the seasonal variability of tidal sources and

background winds has been achieved (Hagan et al., 2001),

and the primary seasonal variability of tides has been sub-

sequently demonstrated. As the most widely accepted tidal

models, the global-scale wave models (GSWMs) can pro-

vide the monthly averaged tides in the height range of 0–

124 km and clearly display the latitude and season variability

of tides. However, some observational and numerical stud-

ies also verify that tides, especially the diurnal tide, also ex-

hibit remarkable local variability, e.g., prominent amplitude

peaks in the middle troposphere (Huang et al., 2009), as well

as short-term (shorter than 1 month) variability arising from

wave–wave interactions (Beard et al., 1999, 2001; Huang et

al., 2012; Pancheva et al., 2002; Pancheva, 2006). The local

and short-term variability of tides can influence not only the

local dynamics but also the dynamics in a wider region in

both the vertical and horizontal spatial scales by modulating

the activity of GWs or interaction with PWs. It should be

noted that the local and short-term variability of tides cannot

be described by GSWMs. Therefore, more investigations are

needed to reveal the tidal local and short-term variability and

the involved mechanisms.

Due to their significant amplitudes, tides in the meso-

sphere and lower thermosphere (MLT) have been extensively

investigated, while tides with weak amplitudes in the lower

atmosphere and their variability have not been adequately

studied. Satellite observations have contributed greatly to

the study of global atmospheric tides. However, most satel-

lites are only able to provide the tidal information with high

precision above the lower stratosphere (Zhang et al., 2006).

For example, SABER (Sounding of the Atmosphere using

Broadband Emission Radiometry) can only explore the re-

gions above 20 km. Few satellite observations were able pro-

vide the information about tides in the troposphere, until

2002, when the Constellation Observing System for Meteo-

rology, Ionosphere and Climate (COSMIC) was put into op-

eration and temperature in the troposphere was measured.

However, even COSMIC observations in the lower atmo-

sphere can only provide high-accuracy temperature profiles

in the height range of 8–40 km, and it is still hard to acquire

data with high precision below 8 km (Pirscher et al., 2010).

Moreover, although the satellite observations can effectively

reveal the climatology of global tides, limited by the local

time resolution, they are difficult to be applied in exploring

the short-term variability of local tides.

Due to the weak amplitudes of tides in the lower atmo-

sphere, continuous observational data with high precision

are hard to acquire, and relative investigations are very rare.

Radiosonde observations can provide horizontal wind and

temperature from the ground up to about 30 km (Zhang et

al., 2012, 2013), but routine measurements on a twice-daily

basis have rarely been used to reveal the characteristics of

tides (Wallace and Hartranft, 1969; Wallace and Tadd, 1974).

Some intensive radiosonde campaigns (Tsuda, et al., 1994a,

1994b; Seidel et al., 2005; Zhang et al., 2008; Huang et

al., 2009) can make a contribution to our understanding of

local tides and their variability. However, these intensive ob-

servations are generally sparse and there are no long-term

continuous intensive observations at all.

VHF radars are capable of continually observing winds,

and their data can be utilized to effectively study the sea-

son and short-term variability of local tides. However, the

VHF data are still not abundant and the studies are inade-

quate (Williams and Avery, 1992; Sasi et al., 2001; Riggin

et al., 2002; Vaughan and Worthington, 2007; Ramkumar

et al., 2010; Chandrasekhar Sarma et al., 2011; Sakazaki et

al., 2010). Supported by the Meridian Space Weather Moni-

toring Project, the Wuhan University (WHU) VHF radar was

established in 2011 at Chongyang (114.14◦ E, 29.53◦ N). In

the present paper, we focus primarily on the diurnal tide (DT)

and its variability in the lower atmosphere revealed by the

WHU VHF radar observations and attempts to expose the

mechanisms accounting for the local short-term variability

of the DT. The data set utilized in this paper is described

in detail in the following section. The characteristics of the

monthly averaged DT and its season and height variability

are given in Sect. 3. The short-term variability of DT result-

ing from dramatically varying tidal source and the coupling

of DT and PWs are discussed in Sects. 4 and 5, respectively.

In the last section, we give a brief summary of our observa-

tions.

2 Data description

The WHU VHF radar was established at Chongyang, Hubei

Province, China, in September 2011, with geomagnetic lati-

tude of about 23◦. After 3-month trial observations, it was put

into routine operation in 2012. A detailed description of the

radar including its specifications, signal processing, and data

analysis is given by Zhao et al. (2013). Here we only provide

the primary parameters of the radar used for our study: the

operating frequency is 53.8 MHz, the peak power is 172 kW,

and the radar antenna system arranged in 24×24 square ma-

trix is composed of 576 Yagi–Uda units with horizontal lin-
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Figure 1. The raw time series for the zonal wind (left) and merid-

ional wind (right) at every 2.9 km in the whole year of 2012. The

horizontal lines denote the zero values.

ear polarization. This radar operates in three separate modes,

providing the wind measurements in the height ranges of

3.5–9.0 km (low mode), 11.0–22.6 km (middle mode) and

60.0–90.0 km (high mode). For the low, middle, and high

modes, the height resolutions are respectively 0.145, 0.58,

and 1.13 km, while the time resolutions are all 30 min.

Due to the lack of effective echoes from the mesosphere

in the high mode, the mesospheric wind sounding is discon-

tinuous; thus, in this study we focus on the horizontal winds

revealed by the low- and middle-mode observations. The data

utilized in this paper consist of the lower atmospheric (3.5–

9.0 km and 11.0–22.6 km) horizontal wind measurements in

the whole year of 2012. The measurements are basically con-

tinuous in the whole months except January and March, in

which there are only about 20- and 14-day continuous ob-

servations, respectively. Moreover, resulting from the occa-

sional weak echoes, there are missing data from time to time

in every month, leading to uneven time intervals. Fortunately,

few time intervals are longer than 6 h and rarely longer than

24 h. If the time interval is greater than 6 h, it is marked as

no measurement. Otherwise, we would supplement the miss-

ing data by linear interpolation. The portion of gaps longer

than 6 h in each month is basically smaller than 20 %, except

for June (30.5 %) and September (43.0 %). Fortunately, our

main conclusions are not affected by the results in these two

months. Our investigation was focused on winter months, as

well as April and May. In these months, the portions of gaps

longer than 6 h are small. Since the accuracy of radical veloc-

ity is estimated to be about 0.2 m s−1 according to the radar

specification, the horizontal wind accuracy should be better

than this estimated value and on the order of 10−1 m s−1. Fur-

thermore, the resulting error of the monthly averaged values

should be less than 10−1 m s−1.

Figure 1 presents the raw time series for the zonal wind

and meridional wind at every 2.9 km in April (from day 92

to 121 in 2012). From this figure, we can see that these

two physical quantities are obviously disturbed by many

waves with different periods. Subsequently, we provide the

Figure 2. Monthly averaged background zonal wind (top) and

meridional wind (bottom) in 2012.

monthly averaged zonal wind and meridional wind at each

altitude for the low and middle modes in 2012 in Fig. 2.

The characteristics of the background horizontal wind over

Chongyang in 2012 can be summarized as follows: the back-

ground zonal wind varies in the range of −13.0–64.0 m s−1

and has an obvious annual cycle. It is always eastward at

all the shown heights in the months from October to April,

while in months from May to September, westward back-

ground zonal wind occurs. In all months except for July

and August, the background zonal wind increases with al-

titude from 3.5 km up to about 12–13 km and then decreases

with altitude, which is the typical tropospheric zonal wind

structure at middle latitudes. Clearly, there exists a strong

eastward tropospheric jet at the heights around 12–13 km

in winter months, especially in December, with maximum

value of 63.98 m s−1 at 12.75 km. The largest westward zonal

wind, i.e., −13.0 m s−1, occurs at 22.6 km in August. Com-

pared with the zonal wind, the meridional wind is rather

weaker and less than 20 m s−1. In almost the whole altitude

range, the meridional wind fields are basically southward in

winter and northward in summer. The strongest northward

wind occurs at 17.39 km in July, with a maximum value of

8.75 m s−1, while the strongest southward wind occurs at

11.01 km in January, with a minimum value of−19.77 m s−1.

The characteristics of the background horizontal winds are

similar to those revealed by radiosonde observations at mid-

dle latitudes (Zhang and Yi, 2007; Zhang et al., 2012).

For comparison, we downloaded MERRA (the Modern

Era Retrospective-analysis for Research and Applications)

data set “inst6_3d_ana_Nv” from http://disc.sci.gsfc.nasa.

gov/, which provides the 6-hourly instantaneous eastward

wind and northward wind at the native horizontal resolution

of 2/3◦ longitude by 1/2◦ latitude and at 72 vertical model

levels from 985 to 0.01 hPa.

www.ann-geophys.net/33/865/2015/ Ann. Geophys., 33, 865–874, 2015
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Figure 3. Lomb–Scargle periodogram of high-pass-filtered zonal

wind (top) and meridional wind (bottom) in April 2012. The max-

imum spectral magnitudes for the zonal and meridional winds are

1.84 and 2.07 m s−1, respectively. The two red diamonds represent

the sidelobes at 5.51 km.

3 Monthly averaged DT

The WHU VHF radar observations provide a 30 min time

resolution and allow us to study the diurnal oscillation in the

temporal domain. For exploring the tidal disturbances, we

apply a high-pass filter with a cutoff at 36 h for the time se-

ries of the raw data of the zonal wind and meridional wind

at each height. A Lomb–Scargle periodogram analysis (Scar-

gle, 1982) is performed on the resultant time series. Figure 3

is the frequency spectra at each sampling height in April

2012. The top and bottom panels are for the zonal wind and

meridional wind, respectively, and the spectral magnitudes

are normalized. It can be clearly observed from this figure

that dominant diurnal oscillations exist. Since the periods of

GWs are shorter than 24 h at midlatitudes defined by the lo-

cal Coriolis frequency, and the results fitted from consecutive

1-month measurements would smooth out the intermittently

and randomly occurring GWs, we take the diurnal oscillation

as DT here. Below 5 km and in the range of 13.5–16.5 km,

the DT is very weak. A noticeable feature that can be ob-

served from Fig. 3 is that there are some significant values

scattering over a 24 h period, which may be the symptom of

the secondary waves generated by the planetary wave–tidal

wave interaction (Huang, K. M. et al., 2013) and will be dis-

cussed in Sect. 5.

In order to get more information about the DT, we harmon-

ically fit the DT oscillation from the time series of the zonal

wind and meridional wind in every month of 2012 to obtain

the monthly averaged DT amplitude and phase. It should be

noted that only the monthly averaged characteristics of the

DT are concerned here, and day-to-day variation is discussed

in the next paragraph. The fitted amplitudes of the DT in

Figure 4. Comparison between the fitted monthly amplitude of the

diurnal tide in 2012 (black curve along with error bars) and those

amplitudes from the MERRA data set “inst6_3d_ana_Nv” (orange)

and GSWM-02 (blue) in zonal wind (top) and meridional wind (bot-

tom). The green vertical lines represent zeros. The asterisks repre-

sent the heights of the tropospheric jet.

every month of 2012 are plotted in Fig. 4. For the purpose

of comparison, the numerical model results from GSWM-02

(Hagan and Forbes, 2002) are also given in this figure. The

GSWM-02 presents the calculation incorporating migrating

tide and nonmigrating tide associated with tropospheric la-

tent heat processes. Moreover, we downloaded MERRA data

“inst6_3d_ana_Nv” from the internet and extracted the di-

urnal tidal winds over Chongyang in the year 2012, which

are shown in this figure by dotted lines. Generally speaking,

in the lower stratosphere (above 17 km), the observed wind

amplitude profiles agree well with the GSWM-02 but show

obvious departure below 9 km, where the observed ampli-

tudes are evidently larger than the GSWM-02 predictions but

much closer to the MERRA results. The observed tide dis-

plays fairly significant height variations, which has been re-

vealed by previous intensive radiosonde observations (Tsuda

et al., 1994a; Huang et al., 2009). In the winter and spring

months, there exist remarkable maximums below 8 km in the

zonal and meridional winds, which agrees with our previ-

ous radiosonde observations at middle latitudes (Huang et

al., 2009) and the MERRA results. However, possibly be-

cause only 14-day continuous observations in March could

Ann. Geophys., 33, 865–874, 2015 www.ann-geophys.net/33/865/2015/



C. Huang et al.: WHU VHF radar observations 869

Figure 5. Similar to Fig. 4, but for the DT phase in the height range

of 3.5–9.0 km.

not fully reflect the real DT characteristics in this month,

the maximum of DT below 8 km in March was absent in

our observations but shown in both zonal and meridional

winds in MERRA data. It seems that it is a common char-

acteristic for the DT at middle latitudes to show maximums

at these heights. Another prominent characteristic regarding

the height variations for DT amplitudes is that, at the win-

ter tropospheric jet heights, around 12–13 km, they are very

small and closer to the GSWM-02 and MERRA results. In

summer months, there is no maximum below 8 km and the

amplitude is weak from 3.5 km up to around 12–13 km.

The height and season variations in the DT amplitude

may be related to the tropospheric jet. Considering the DT

might contain westward-propagating components, we spec-

ulate that the DT may have a standing wave structure due

to its reflection between the ground and the jet, and then the

wave energy is concentrated, leading to the amplitude maxi-

mums below 8 km. To verify our speculation, the DT phases

in every month in 2012 are presented in Fig. 5. Since the DT

amplitudes were rather weak in the middle-mode height cov-

erage, here we only provide the phase result in the height

range of 3.5–9.0 km. Clearly, the observed DT phase pro-

files correspond well with those from the MERRA data set

“inst6_3d_ana_Nv”, which resembles the MU radar obser-

vational results by Sakazaki et al. (2010) that the observed

DT phase agrees well with that from the reanalysis data,

while they clearly deviate from the GSWM-02 model results.

For the zonal wind shown in Fig. 4, the DT amplitude has

maximums at about 6 km in January and April, leading to

much larger amplitudes than the GSWM-02 model results

in the height range of 4–8 km. As presented in Fig. 5, in

January, the phase has a turning point at about 7 km. Below

(above) this altitude, they exhibit downward (upward) phase

progressions, corresponding to upward (downward) wave en-

ergy propagations, which likely implies the reflections of DT

from both above and below 7 km. DT energy gathers at this

height, leading to the DT maximum. In April, the phase in the

height range of 4–8 km was almost constant, indicating there

a standing DT component does exist. As also shown in Fig. 4,

for the meridional wind, the DT amplitude has maximums

at about 5–6 km in January, February, April, and December

and is much larger than the GSWM-02 model results in the

height range of 4–7 km. In these four months, the phases in

the height range of 4–7 km shown in Fig. 5 were all almost

constant. Therefore, a standing DT structure arising from the

reflection at the jet and ground surface was one of the pri-

mary causes for the larger DT amplitude below 8 km. The

background in the winter months around the tropospheric jet

tends to cause DT reflection because of (1) strong eastward

wind in the winter and spring months and because (2) the

tropospheric jet was below the tropopause, where the back-

ground temperature would decrease with height, leading to

small buoyant frequency, which is likely to cause wave re-

flection. In summary, our results suggest that the background

wind and temperature could be a crucial cause for tidal height

and season variability. However, in summer months (June,

July, and August), when the eastward zonal wind is very

weak or even westward, the phases exhibit traveling wave

characteristics and are close to the GSWM-02 model results.

4 Short-term variability of tides

In order to completely understand tides, including high har-

monics, e.g., the semidiurnal tide (ST), terdiurnal tide (TT),

and quarterdiurnal tide (QT), and further explore their short-

term variability, we calculated the shifting Lomb–Scargle pe-

riodograms over a sliding 48 h window with increments of

2 h from the evenly interpolated winds at each height. We

checked throughout our results and found that the short-term

variability (magnitude variation on a timescale of up to sev-

eral days) of tides was frequent, and a prominent enhance-

ment of DT occurring around the jet height could be ob-

served in May 2012. It is interesting that this enhancement

was not present at the height range of 5–7 km, where the

maximums of monthly averaged DT occurred, but rather at

the heights near the tropospheric jet where the monthly aver-

aged DT was very weak, and not in January, when the tidal

amplitude is largest, but rather in May, when the amplitude is

moderate. Here we presented the results at 13.34 km in May

2012 (Fig. 6). For the zonal wind during days 20 to 23, it

can be seen that not only the DT but also the high harmonics

of tides, i.e., the ST, TT, and QT, were strengthened greatly.

For clear demonstration, we provided the day-to-day ampli-

tude variations in the four tidal components DT, ST, TT, and

QT in Fig. 7. The largest amplitude of DT/ST/TT/QT can

reach 6.6/5.3/3.7/3.7 m s−1. Such strong TT and QT in the

troposphere have seldom been reported before. Moreover, in

www.ann-geophys.net/33/865/2015/ Ann. Geophys., 33, 865–874, 2015
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Figure 6. The zonal (left) and meridional (right) winds (upper) and

their shifting spectra (lower) at 13.34 km in May 2012. The 2-day

averages of winds are denoted by red curves in the upper panel.

Figure 7. Amplitude variations in the four tidal components

DT (red), ST (purple), TT (blue), and QT (green).

our data, strong TT and QT could only be found during the

time when the DT was evidently enhanced. The DT, ST, TT,

and QT displayed consistent and dramatic short-term vari-

ability. At day 21.7, very strong tidal oscillations, including

the DT, ST, TT, and QT, were present. However, before and

after that time, these tides were very weak and the smallest

amplitude approximately attenuated to zero. The DT in the

meridional wind also shows prominent short-term variability,

and the largest amplitude is 3.6 m s−1 at about day 27, while

the smallest one is close to zero. It is worth noting that these

four components of tides showed almost completely consis-

tent variations, implying that they were excited by the same

dramatically varying tidal source rather than modulated by

the background wind because there was only moderate back-

ground zonal wind and rather weak meridional wind, and

no dramatic variation in background wind was observed. On

the other hand, at this height and in the enhancement period,

we did not find any evidence of interactions among tides by

correlation analysis of tidal amplitudes, nor did we between

tides and other waves by bispectral analysis. However, we

cannot identify the exact source here.

Figure 8. The same as Fig. 3 except that the displaying period range

is from 1.5 to 30 days. The maximum spectral magnitudes for the

zonal and meridional winds are 8.74 and 5.72 m s−1, respectively.

The vertical dotted lines denote the exact 16-day and 5-day periods

in the zonal wind and the exact 10-day and 5-day periods in the

meridional wind.

5 DT variability from the coupling with PWs

As suggested by previous investigations (Beard et al., 1997,

1999, 2001; Mayr et al., 2005a, 2005b; Huang et al., 2009,

2012), the coupling between PWs and tides can also lead to

tidal variability. For identifying the PW signatures, we de-

trended the raw time series for each month at each height

by subtracting a linear background in time domain and per-

formed a Lomb–Scargle periodogram analysis on the resul-

tant time series. We checked the results in all 12 months in

2012, and found that significant PWs were present in each

month and clearly stronger than the DT in the same month.

Moreover, the PW and DT oscillations were both strong in

April and their coupling was remarkable, which will be dis-

cussed later. Figure 8 shows the frequency spectra for obser-

vations in April 2012. The top and bottom panels are for the

zonal wind and meridional wind disturbances, respectively.

It can be clearly seen from this figure that prevailing oscil-

lations exist with periods of several days in both zonal and

meridional winds.

We refer to the quasi-16/10/5-day planetary wave as an

oscillation within the period range of about 12–20/8–12/4–

7 days (e.g., Williams and Avery, 1992; Luo et al., 2000;

Grytsai et al., 2005; Riggin et al., 2006), and therefore keep

the term of “quasi-16/10/5-day wave” even if the measured

period differs. The quasi-5-day oscillation can be recognized

from both the zonal (5.29-day) and meridional (5.04-day)

winds. Hereinafter it is referred to as the quasi-5-day PW

(QFDPW). Additionally, the most dominant planetary os-

cillation is the quasi-16-day (12.92-day) oscillation in the

zonal wind and the quasi-10-day (8.92-day) oscillation in

Ann. Geophys., 33, 865–874, 2015 www.ann-geophys.net/33/865/2015/
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Figure 9. Bispectra for (left) zonal and (right) meridional winds at

5.51 km in April 2012.

the meridional wind. In our previous radiosonde observations

(Huang et al., 2009), similar planetary oscillations could also

be seen in the summer and winter months at middle latitudes,

but their exact periods were a little different. In the zonal

wind, the significant amplitudes of the quasi-16-day wave ap-

pear in the height range of 5.5–18.5 km and the largest ampli-

tude is 8.7 m s−1 at 13.34 km, while in the meridional wind,

those of the quasi-10-day wave occur in the height range

of 11–17.5 km, and the largest one is 5.7 m s−1 at 13.92 km.

The QFDPW appears in the height range of 3.5–6.0 km and

8.5–11.5 km in the zonal wind, while it appears in the height

range of 3.5–18.5 km in the meridional wind.

The generation of secondary waves (Pancheva, 2006) and

the modulation of tide by PWs are usually taken as two in-

dications for the PW–tide coupling. If a tide with frequency

f1 and a PW with frequency f2 have sufficiently large am-

plitudes, the sum and difference interactions, i.e., the interac-

tions among the wave triplet (f1, f2, f1+f2) and (f1, f2, f1–

f2), respectively, would likely occur simultaneously. Since

the period of the PW is comparatively longer than that of the

tide, the periods of the generated waves may be very close to

that of the tide. The spectral peaks of secondary waves at the

two sideband periods can be found in Fig. 3 and the exact pe-

riods are 30 and 20 h, respectively, which correspond exactly

to the oscillations periods of the secondary waves excited

by the sum and difference interactions between the DT and

QFDPW. This indicates the existence of nonlinear tide–PW

interactions. Moreover, the bispectra for the zonal wind at the

height range of 4.495–6.38 km and for the meridional wind

at the height range of 4.06–5.51 km all display peaks cor-

responding to the interaction between DT and QFDPW. We

use conventional “Fourier-type” methods to obtain the bis-

pectral estimates by ensemble averaging. The bispectral plots

are normalized by dividing by the maximum value, leading to

relative amplitude between 0 and 1. Figure 9 shows the bis-

pectra for zonal and meridional winds at 5.51 km. The peaks

corresponding to the interaction between DT and QFDPW

can be clearly observed both in the zonal and meridional

winds. Through combining the two red diamonds represent-

Figure 10. Lomb–Scargle periodogram of the diurnal tidal ampli-

tude in April 2012. The maximum spectral magnitudes for the zonal

and meridional winds are 1.83 and 1.68 m s−1, respectively. The

spectral peaks for the PW modulation periods (12.92 and 5.29 days

in the zonal component, and 8.92 and 5.04 days in the meridional

component) are marked by dotted vertical lines.

ing the sidelobes at 5.51 km in Fig. 3, we can confirm the

occurrence of this interaction.

In addition to the excitation of secondary waves, the tidal

amplitude variability at the periods of PWs (i.e., tidal modu-

lation by PWs) is taken as another symptom of the coupling

between tides and PWs (Beard et al., 1999; Pancheva, 2000;

Pancheva et al., 2002). For directly displaying the influence

of PWs on tides, here we provide the periodograms of di-

urnal tidal amplitude in April 2012. We harmonically fit the

diurnal oscillations over a sliding 24 h window with incre-

ments of 30 min. In the harmonic fit, the interpolated points

corresponding to time gaps larger than 6 h are ignored, and

no fit was attempted if less than 16 h of data is present in any

24 h window, i.e., two-thirds of the window length (Beard et

al., 1999). Fortunately, in any 24 h window, there are enough

data points to accomplish the fit, producing continuous DT

amplitudes and phases at a half-hour interval. Next, we car-

ried out a Lomb–Scargle periodogram analysis on the time-

dependent tidal amplitude. Figure 10 evidently shows the 5-

day, 10-day, and 16-day PW modulations (only the values

with confidence levels greater than 90 % are shown), which

further confirms the occurrence of interactions between the

diurnal tide and the PWs. It should be noted that the exact pe-

riods and the heights of PW modulation were consistent with

the corresponding periods and heights of PW oscillation; for

example, the strongest 16-day PW modulation in the zonal

wind occurred at the height range of 12–15 km, where the

16-day PW oscillation was the strongest.

Generally speaking, the interactions between DT and PWs

can lead to the short-term variability of DT. The interactions

www.ann-geophys.net/33/865/2015/ Ann. Geophys., 33, 865–874, 2015
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have two indications. The first is the generation of secondary

waves from the sum and difference interactions. During these

interactions, wave energy is exchanged among the primary

waves, i.e., DT and PWs, and secondary waves. Since the DT

is one of the energy-exchange participants, its energy varies.

The variation in DT energy would lead to variation in DT am-

plitude. Moreover, the simultaneous energy exchange might

be irreversible (Zhang and Yi, 2004; Huang et al., 2012) and

thus the variation in DT amplitude is very complicated. Ac-

cordingly, the characteristic time of DT amplitude variation

might be indeterminate and unable to reflect the period of the

involved PW. The second indication is the modulation of DT

by PWs. This is the modulation of a high-frequency wave by

a low-frequency wave. During the modulation, the amplitude

of DT would vary with the periods of the PWs. There might

be other possible mechanisms for the short-term variability

of DT, e.g., the day-to-day variations in the mean wind (Mer-

zlyakov et al., 2001), interactions with wave modes and grav-

ity waves (Liu et al., 2007, 2008), and tropospheric convec-

tive activity (Eckermann, 1997). However, the characteristic

time of DT amplitude variation matching to the PW periods,

together with bispectral analysis, confirms that the short-term

variability of DT is at least partly caused by the interactions

between DT and PWs.

6 Summary

Using observation data from the WHU VHF radar in 2012,

we studied the primary features of the DT and its variability

in the lower atmosphere over Chongyang. The main results

of this paper are summarized as follows.

Through use a Lomb–Scargle periodogram analysis, we

identify dominant diurnal oscillations in the lower atmo-

sphere over Chongyang. As revealed by previous intensive

radiosonde observations, the observed monthly averaged DT

displays fairly significant height variations: in the lower

stratosphere (above 17 km), the observed wind amplitude

profiles agree well with the models but show obvious de-

parture below 9 km, where the observed amplitudes are ev-

idently larger than the model predictions. The remarkable

maximums below 8 km in the winter and spring months are

likely a common characteristic for the DT at middle latitudes,

and the DT always shows a standing wave structure near the

heights of the maximums, which might be the result of the

reflection at the tropospheric jet and ground surface. Our re-

sults suggest that the background wind could be a crucial

cause of tidal height and season variability.

The observed DT also displays significant short-term vari-

ability, especially in May 2012. During days 20 to 23 in May,

not only the DT but also the higher harmonics of tides, i.e.,

the ST, TT, and QT, were strengthened greatly. Such strong

TT and QT in the troposphere have seldom been reported

before. These four components of tides showed almost com-

pletely consistent variations, implying that they were excited

by the same dramatically varying tidal source rather than

modulated by the background wind because there was only

moderate background zonal wind and rather weak meridional

wind, and no dramatic variation in background wind was ob-

served in the dramatic DT enhancement duration.

Obvious quasi-5-day, 10-day, and 16-day PWs are recog-

nized from our observations in 2012. Our analyses reveal that

the DT/QFDPW sum and difference interactions took place

at some altitudes in April. During the interactions, the DT ex-

hibited evident short-term variability due to the irreversible

energy exchange associated with the sum and difference in-

teractions among DT and PWs. Moreover, we also found that

the quasi-5-day, 10-day, and 16-day PWs can modulate the

DT. During the modulation, the amplitude of DT would vary

with the periods of the PWs.

In summary, our observations indicate dominant diurnal

oscillations exist in the lower atmosphere at middle latitudes,

and the DT shows remarkable height, season, and short-term

variability. The background wind could be responsible for

DT height and season variability. The short-term variation in

the tidal source and the coupling with PWs could be respon-

sible for DT short-term variability.
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