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Abstract1

The study investigates the gravity waves activity detectedin the mesosphere/lower thermo-2

sphere (MLT) region (80-120 km) using airglow observationsperformed by the Spectral3

Airglow Temperature Imager (SATI) at the Sierra Nevada Observatory (SNO) (37.06◦N,4

3.38◦W). In this analysis column emission rates of the OH Meinel (6-2) and O2 Atmo-5

spheric (0-1) bands, as well as rotational temperatures derived from these emission rates6

are employed for the period of 1998 to 2015. The long time series allows the determination7

of gravity waves climatology at this site. The gravity wave activity content exhibits an an-8

nual variability with a maximum during winter and a faint increase in summer. It was found9

that gravity waves with periods of less than 3h are more prevalent than those with periods10

of 3-6h throughout the year, for both column emission rates and rotational temperatures.11

The gravity wave activity with periods of less than 3h is larger in summer, while gravity12

waves with period from 3 to 6 h have maximum activity around autumn-winter. The analy-13

sis showed that the gravity waves activity surpassed that ofthe semidiurnal tides, although14

was still smaller than the planetary wave activity, especially in summer when the plane-15

tary waves appear to dominate the dynamics of the MLT region.In general, wave activity16

is the main source of variability in both OH and O2 airglow emissions with the planetary17

wave activity being the main driver of the O2 emission variability. However, the rotational18

temperatures are more affected by seasonal variations, especially the OH rotational tem-19

peratures, accounting for more than the 40% of the overall observed variability.20

Keywords: Atmospheric composition and structure (Airglowand aurora; Pressure, density21

and temperature)- Meteorology and Atmospheric dynamics (Waves and tides)22

1 Introduction23

The structure and dynamics of the Mesosphere Lower Thermosphere (MLT) is dominated24

by waves (gravity waves, tides and planetary waves) and their effects while propagating,25

that is, their interactions, coupling, breaking, dissipation, turbulence, mixing of the at-26

mospheric compounds and momentum and energy deposition (Lindzen, 1981; Hagan and27

Forbes, 2003; Fritts and Alexander, 2003). The global circulation, which is modulated by28

the seasonal variation of solar energy input, affects the conditions for the generation, ver-29

tical propagation and breaking of the waves. All these processes contribute to modify the30

mean state of the atmosphere.31

A large amount of observational data has been devoted to studying the activity of gravity32

waves (GW) in the lower atmosphere and in MLT region as a function of latitude and sea-33

son. The major aim is to characterize the different scale sources of gravity wave generation34

and propagation conditions (Tarasick and Hines; 1990; Taylor et al., 1991; 1995; Nakamura35

et al., 1999; Hibbins et al., 2007; Mitchell and Beldon, 2009; Li et al., 2010; Wang and36

Alexander, 2010; Zhang et al., 2012; Kramer et al. 2016; to cite just a few). Airglow obser-37

vations are a good tool for monitoring the atmospheric variability in the MLT at short and38

long temporal scales. Ground based observations, althoughrestricted to the observational39

sites, have a good temporal coverage at short time intervalsallowing the characterization of40
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short temporal scale waves. Different airglow studies haveused measurements of airglow41

emissions originating at different altitudes to obtain valuable information about the char-42

acteristic of the vertical propagation of the waves (Reisinand Scheer 1996; 2001; 2019;43

Takahashi et al., 1998; 2011; Taylor et al., 1995; Nakamura et al., 1999; López-González44

et al., 2005; Ghodpage et al., 2012; Schmidt et al., 2018). Additional valuable information45

on the characteristic of the horizontal propagation has been obtained from: a) airglow emis-46

sion simultaneously measured at different stations, b) airglow imager measurements and, c)47

by using additional information of simultaneous lidar, radar and wind measurements (e.g.,48

Zhang et al., 1993; Stockwell and Lowe 2001; Aushev et al., 2006; 2008; Taori and Taylor,49

2006; Shved et al., 2009; Kim et al. 2010; Kam et al. 2017). On the other hand, airglow ob-50

servations from satellites have allowed for a global study of gravity wave variability (e.g.,51

Fetzer and Gille, 1994; McLandress et al., 2000; Wu, 2004; Wuand Eckermann, 2008;52

Preusse et al., 2009; Zhang et al., 2012; Zhao et al., 2015; Ern et al. 2018). All these ob-53

servations have revealed the main features of the global morphology of the gravity wave54

activity. In the troposphere, the wave activity is maximum at tropical latitudes with decreas-55

ing activity to the middle and high latitudes. In the stratosphere, the gravity wave activity56

is greater at high latitudes with maximum activity in winter, while at low-mid latitudes, the57

maximum GW activity is detected in summer. In the mesosphere, wave activity is large at58

low latitudes being maximum in the solstices, weaker but almost stable activity through-59

out the year is detected at midlatitudes. At high latitudes strong activity with a semiannual60

variation with maxima in solstices is also observed (see, for example, Wu and Eckermann,61

2008; Pressure et al., 2009; Liu et al. 2014).62

In this work, we study the activity of gravity waves (wave-like oscillations with period63

from a few minutes to a few hours) by analysing the variability in a long term ground-64

based airglow observations at 37◦N. The observations include the column emission rate65

and vertically averaged rotational temperature of the O2 Atmospheric (0-1) band and the66

OH Meinel (6-2) band from 1998 to 2015. They were taken by a SATI (Spectral Airglow67

Temperature Imager) instrument (Wiens et al., 1997; Sargoytchev et al., 2004) placed at68

the Sierra Nevada Observatory (SNO). These airglow observations have been already used69

in our earlier study on the semidiurnal tide activity (López-González et al., 2017; LG201770

here in after). We present here a climatology of the activityof the detected gravity waves71

grouped according to time period ranges: a) from 10 min to 3 h,b) from 3 h to 6 h and c)72

from more than 6 h. The paper is organized as follows: in section 2, a brief description of73

the measurements and the calculations of the variance of thenightly mean fluctuations as74

indicator of gravity wave activity is presented; in section3, the wave activity as function75

of wave period and season and its comparison with the activity of planetary waves, tides76

and seasonal variations is presented and discussed. Section 4 gives a summary of the main77

results obtained.78

2 Observations and Method of data analysis79

In this work we analysed data measured from the SATI instrument for the period of October80

1998 to March 2015 in order to study the variability of OH and O2 rotational temperatures81

and emission rates due to the activity of gravity wave-like perturbations. The dataset is82
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composed by measurements of both airglow emissions taken continuously every 5 minutes83

during the no-moon nighttime period, collecting a total setof 674 nights with more than84

4 hours of data each and distributed from 1998 to 2015 (see Table 1 of LG2017). The85

O2 emission layer peak is located at an average altitude of about 95 km (see Murtagh et86

al., 1990; López-González et al., 1992; Yee et al., 1997).The OH emission layer peaks87

on average at about 87 km (see López-Moreno et al., 1987; Liuand Shepherd, 2006 and88

Sheese et al., 2014), although the peak altitude of its emission varies by up to 3-4 km with89

season and/or the passage of different waves, as shown recently by Garcı́a-Comas et al.90

(2017). Important information about atmospheric variability in these altitude ranges can be91

obtained from the analysis of the variability of these airglow emissions.92

The fact that O2 and OH rotational temperatures and emission rates obtainedwith SATI are93

vertically averaged throughout the corresponding airglowlayer, limits the study to waves94

with vertical wavelengths greater than the width of the airglow layer, 12 km (Swenson and95

Gardner, 1998; Reisin and Scheer, 2004). Moreover, rotational temperatures and emission96

rates are retrieved from average spectra obtained from the entire field of view, that is, a ring97

in the sky of average radius of 55 km and 16 km wide at 95 km, and of average radius of 4998

km and 14 km wide at 85 km (López-González et al., 2004). Therefore, gravity wave with99

horizontal wavelengths smaller than 170-200 km are filteredout. Also, gravity waves with100

periods smaller than 10 minutes are not resolved because O2 and OH continuous images101

have been taken at intervals of 5 minutes. Bearing in mind these constraints, the results102

presented correspond to gravity wave activity of waves of vertical wavelength greater than103

12 km, horizontal wavelength longer than 200 km and periods larger than 10 minutes.104

As in LG2017, nightly residual data (e.g. data obtained after subtracting the nightly mean)105

are employed to reduce the contribution of variations with long periods. The analytical106

procedure is briefly described below.107

Figure 1 shows an example of SATI observations for year 1999.Figure 1a shows the night108

data, taken with a cadence of 5 min, for all nights measured throughout the year. An an-109

nual variation is clearly seen in the rotational temperatures. A clear tidal behaviour is also110

observed in both rotational temperatures and emission rates (mainly in the winter months111

where the length of the night is larger). In order to remove seasonal effects, we subtract112

from each data point the mean of its corresponding night measurements. These residuals113

are plotted in Figures 1b. We observe that contributions from periods longer than one day114

are also significantly dampened, while any tidal and gravitywave contributions still remain.115

We estimate the monthly mean tidal contribution by averaging all data taken each month116

of the year every half-hour (red dots in Figure 1b). The variation of these half-hour mean117

values with local time clearly resemble a tidal variation. Moreover, the tidal variations118

observed in 1999 are very similar to the mean tidal variations observed in the period 1999-119

2015 (Figure 1d). The deviations of the residuals in Figure 1b from these monthly tidal120

means are shown in Figure 1c. We assume here that the remaining variations are mainly121

due to gravity waves and, to lesser extent, to the passage of planetary waves (periods of a122

few days) that are not fully removed after subtracting the nightly means.123

The aliasing in the tidal amplitude due to the passage of a long period wave depends on the124

amplitude of the wave and the phases of the tidal and the wave but, above all, depends on125

4



Fig. 1. SATI data during 1999 year. Top panels: Rotational temperatures (Left:TOH , Right:
TO2

). Bottom panels: Emission rates (Left:IOH , Right: IO2
). a) Night data (with a ca-

dence of 5 min) (black points) for all nights measured duringthe different months for
1999. b) As in a) but after subtracting their nightly mean (black points); their binning in an
half-hour period is also shown (red circles). c) Residual data obtained after subtracting the
half-hour mean values (difference of black and red points inpanel b)). d) A comparison of
the half-hour values for 1999 (red circles, as in panel b)) and for period 1998 to 2015 (black
pluses).
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the period of the long wave, being smaller as the wave period is larger. In our analysis, this126

aliasing will be interpreted as gravity wave activity.127

For instance, taking 10 K as an upper limit of the mean amplitude of the 2-day and 5-day128

planetary waves (see López-González et al., 2009), the passage of a 2-days 10 K amplitude129

wave would be interpreted as an increase smaller than 2 K in the amplitude inferred for 12 h130

gravity wave activity, while the passage of a similar amplitude 5-day period wave would131

produce an increase smaller than 1 K. These contributions will be smaller in gravity waves132

of smaller periods. Similarly, for a 12 h gravity wave in the OH emission rates, we estimate133

a maximum increase in its amplitude of about 30-60 R and of 15-30 R in O2 emission rates134

(taking into account mean values of 300 R and 150 R, respectively, for the amplitude of the135

long waves detected in SATI OH and O2 emission rates). We take these estimations as the136

error due to this aliasing.137

Then, following the consideration that the tidal variationin the no-moon period of each138

month barely changes, the remaining variance after subtracting the mean tide can be con-139

sidered as mainly due to gravity wave activity. We note, however, that tides could vary140

from night to night contributing to the variances and leading to an overestimation of the141

gravity wave activity. This effect is not analysed here in detail but we have estimated that142

the presence of a 10 K tide, not subtracted, leads to an overestimation smaller than 2-3143

K in the amplitude inferred for a 6 h gravity wave. The effect becomes even smaller for144

gravity waves of smaller periods. In order to derive the gravity wave activity in O2 and145

OH rotational temperatures and emission rates, we use the standard deviation of the tidally146

corrected residuals (panels c of Fig. 1). The resulting standard deviation,σtotal, are plotted147

in Figure 2a as a solid red line. Besides gravity waves, thesealso resemble measurement148

random uncertainties, that we assess by checking the dispersion within consecutive mea-149

surements. The standard deviations of the measurements within 10 minutes (three consec-150

utive data points), remained almost invariable within a night. Thus, we adopt these values151

as the random uncertainty of the individual measurements. Figure 2a shows their monthly152

means in dark blue. The average values for the whole dataset are 4 K and 2 K for OH and153

O2 SATI rotational temperatures, respectively, and 20 R and 10R for IOH andIO2
emis-154

sion rates, respectively. We note that these uncertaintiesalso include oscillations of period155

smaller than 10 min, that cannot be resolved with our measurements. Figure 2a shows the156

monthly mean 3-point dispersion,σ3point, as the dark blue area.157

Therefore, the activity of gravity waves with period within12 hours and 10 minutes can158

be evaluated with:σgw≤12h
=

√

σ2
total − σ2

3point. This value is representative of the vari-159

ation due to gravity wave passage and will be considered as indicator of the GW activity.160

Similarly, the activity due to gravity waves with periods smaller thann hours,σgw≤nh
, is161

estimated by calculating the dispersion of the residuals from each set ofn hours of con-162

secutive data,σn, and then subtracting the standard deviation of the 3 consecutive points,163

σgw≤n
=

√

σ2
n − σ2

3point. These n-hour data windows reduce the effect of waves with peri-164

ods longer than n hours in variances. Figure 2a shows the contributing gravity wave activity165

as the GW period is increased byn hours to the total GW content.166
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3 Results167

Figure 2a shows the seasonal behaviour of the GW activity in the emission rates and rota-168

tional temperatures from year to year. The seasonal variability is more clearly seen when169

GW activity is examined on a 17-year average (Figure 2b), which shows the composite170

standard deviations obtained by averaging from 1998 to 2015(only from 1998 to 2012 for171

O2 due to the noisier O2 data caused by the degradation of the O2 filter as was explained172

by LG2017). The estimated “random error”,σ3point, is large inTOH , about 25%-30% of173

the total variance detected in the data, while forTO2
it is about 10%. O2 and OH emission174

rate errors are less than 5% of the total variance. In Figure 2c the contribution due to the175

random error is subtractedσgw≤12h
=

√

σ2
total − σ2

3point, showing only the variability due176

to the activity of gravity wave with periods smaller than 12 hours.177

Figures 2a and 2c show that, in general, gravity waves with periods shorter than 6 hours178

(black area and below) seem to have a regular activity throughout the year although a small179

seasonal variation is evident. Gravity waves of periods longer than 6 hours (white area180

delimited by the red line and the upper part of the black area)seem to have a small activity181

in summer. However this is likely an artifact because, in summer, the procedure used is not182

suitable for studying waves with periods longer than the summer night length.183

At a first glance, in Figures 2a and 2c, the waves with period shorter than 3 hours (the184

green area and below) seem more active throughout the year. To compare the activity of185

GW with different periods we estimate the activity of waves with periods shorter than 3186

hours (from 10 min to 3 h), a(1,3), and the contribution of waves with periods from 3 to187

6 h, a(4,6). In general, the activity of waves with periods fromn to n′ hours is given by188

a(n,n′) =

√

σ2
gw≤n′

− σ2
gw≤n

.189

Figure 3a shows the contribution of waves with periods shorter than 3 hours (from 10 min190

to 3 h), a(1,3), and the contribution of waves with periods from 3 to 6 h, a(4,6), together191

with the total wave activity, aT . The latter exhibits an annual variability with a main peak192

during winter, although a faint increase is also observed insummer. The activity of waves193

with periods shorter than 3 hours is larger than the one with periods from 3 to 6 hours194

throughout the year. There is an apparent semiannual seasonal tendency for gravity waves195

with period smaller than 3 hours, with maximum amplitude in summer and winter. For196

waves with period between 3 and 6 hours, we detect a slighter maximum in winter.197

We have also analysed the variability of emission rates and temperatures relative to their198

mean values. The seasonal variations of the relative residuals are similar to the absolute199

ones (see Fig. 3b). The gravity wave activity is maximum in winter although the seasonal200

variations are smoother in relative residuals. The activity of gravity wave with periods201

smaller than 3 hours is also prominent in summer in the relative residuals. Figure 3b shows202

that gravity waves produce variations in the emission ratesof 15% and in the rotational203

temperatures of 3%. This fact makes to detect the effect produced by gravity waves easier204

in emission rates than in rotational temperatures.205

Gavrilov et al. (1995), using radar winds measurements at 52◦N latitude, found a similar206
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Fig. 2. Standard deviations. a) Annual monthly means. b) Monthly means averaged in the
17-year period. c) Monthly means in the 17-year period with the random error contribution
subtracted. Red line:σT , obtained from the entire nights. Dark blue area: corresponding to
standard deviation of the 3 consecutive points (see text). Red area: activity corresponding
to gravity waves with periods from 10 min to 1 h. Yellow area: activity corresponding to
period from 1 to 2 h. Green area: for period from 2 to 3 h. Pink area: for period from 3 to 4
h. Light Blue area: for period from 4 to 5 h. Black area: for period from 5 to 6 h.
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Fig. 3. Standard deviation as indicator of the contributionof gravity waves activity: “a(1,3)”
denotes waves with period from 10 min to 3 h, “a(4,6)” from 3 to 6 h, “a(7,12)” from 6 to
12 h and “aT ” for the total gravity wave activity. a) From residual data.b) From relative
residual data.

seasonal behaviour for the activity of gravity waves of different periods. That is, while207

the GWs with period shorter than 2.5 hours presented maximumactivity in summer and208

winter, with comparable maxima, those of longer periods show always a smaller activity209

in summer than in winter. Recently Wüst et al. (2016) have analysed measurements of210

five GRIPS instruments (Ground based Infrared P-branch Spectrometer) working at four211

different stations at middle and high latitudes. They foundthat the activity of GWs with212

periods smaller than 60 minutes at middle latitudes has a weak seasonal behaviour with a213

potential energy of about 4-6 J/kg, corresponding to temperature fluctuations of 1K. But214
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Fig. 4. Seasonal variation of wave amplitudes. Red circles and solid lines: contribution

of gravity waves with periods smaller than 12 hours,σgw = aT =

√

Σh≤12a
2
h. Solid

dots: due to semidiurnal tide. Green squares and pluses: contribution of planetary wave-like
oscillations. Dashed line: amplitude of the seasonal variation. Right axis are the amplitudes
corresponding to sinusoidal variation that would produce the standard deviations on the left
axis,A =

√
2σ.

GWs with periods longer than 60 minutes have maximum activity in winter and minimum215

in summer, corresponding to fluctuations of temperature from 1.5K to 5.5 K. These values216

are comparable to the 2–3 K obtained with SATI data for waves with periods smaller than217

1 hour,σ1h (see red areas in Fig. 1c), and the 5–6 K obtained for the activity of waves with218
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period greater than 1 hour,σ>1h (σ>1h =

√

σ2
T − σ2

1h).219

Figure 4 shows the total amplitude due to GW activity with periods smaller than 12 h. The220

GW activity in OH temperature, characterized by the standard deviation, ranges from 4.8 K221

in May to 6.0 K in November, and an annual mean value of 5.4± 0.5 K. This activity is222

in the range of values detected at these altitudes and locations in other works. Offermann223

et al. (2009), based on four years of mid-latitude measurements of the Sounding of the224

Atmosphere using Broadband Emission Radiometry (SABER) instrument, reported values225

of the standard deviations in the temperature, caused by gravity waves passage, that are226

almost constant throughout the year, with mean values of 6 K (larger in summer 7 K) at227

80 km, 10 K at 90 km and 15 K at 100 km, with still some larger activity in summer.228

Rauthe et al. (2008) also obtained 3-8 K temperature variations at 80-100 km from 4 years229

of measurements by lidar measurements in mid-latitudes, from Rayleigh-Mie-Raman lidars230

in southern France at 44◦N (Haute-Provence and Biscarosse), in Wales at 52◦N (Aberyst-231

wyth) and in Canada at 44◦N (Toronto) and from the Na lidar in Urbana (USA) at 40◦N.232

Reisin and Scheer (2004) undertook a similar analysis of gravity wave activity in emission233

rates and rotational temperatures of O2 and OH airglow measurements taken at El Leoncito234

(31,8S, 69,2W). They found values of gravity wave activity in OH temperature (from about235

4 K in winter to 3 K in summer) and in O2 temperatures (from about 5.5 K in winter to 4.5236

K in summer) which are generally smaller than those obtainedin this work. They extracted237

first tidal components on each night by subtracting the diurnal and semidiurnal components238

by consecutive least-squares fitting. This way, the tide obtained may be different from night239

to night. However, our calculations relied on the assumption that the tide barely changes240

within a month so the tidal contribution in each month can be estimated by a monthly mean241

tide. Based on this different approach we obtain a smaller contribution of the tidal variabil-242

ity and a larger contribution of gravity wave variability than those obtained by Reisin and243

Scheer (2004).244

We compare the variability detected with the SATI instrument at the SNO due to the gravity245

wave activity with that due to the semidiurnal tide derived from these measurements (see246

LG2017). To perform the comparison, we scaled the standard deviations or activity wave247

index,σ, to wave amplitudes,A, by considering the sinusoidal wave that would produce248

the standard deviations observed, i. e.,A =
√

2 σ. These values are also shown in Figure249

4, referred to the right axis. We can see that the contribution due to gravity wave activity250

is larger than the contribution due to tidal activity in the major part of the year, especially251

in summer even though waves of long periods (larger than 8 hours) are not considered252

included. Temperature fluctuations observed in SABER measurements due to the activity253

of gravity wave and semidiurnal tides have shown similar results (Offermann et al. 2009;254

Pancheva et al., 2009).255

We have also made an estimation of the contribution of planetary wave-like oscillations to256

the total variability using our data set. In order to do so, weundertook a procedure similar257

to the one performed to analyse the GW activity, but using nightly-averaged measurements.258

We use the original measured data, and calculate the averagefor each night. These nightly259

averages can be considered free of variations shorter than one day and the variability of260

the residuals of these nightly averages with respect to the monthly mean (obtained after261

subtracting its corresponding monthly mean) are considered as indicator of planetary wave,262
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PW, activity (see Figure 4).263

The yearly mean standard deviations of these nightly average residuals for OH and O2264

temperatures are 6.6± 1.0 K and 6.0± 0.6 K, respectively. These values agree with those265

found by Reisin et al. (2014) in their analysis of OH and O2 rotational temperatures ob-266

tained from ground based airglow observations at 19 sites, distributed from 78◦N to 78◦S,267

and also contributing to the the Network for the Detection ofMesospheric Change (NDMC,268

http//wdc.dlr.de/ndmc).269

Some earlier work on SATI data at SNO (see López-González et al. 2007a; 2009 and 2011)270

have shown the effect on both rotational temperatures due tothe passage of planetary waves271

of different periods, finding wave amplitudes ranging from 3K to 14 K. Moreover, López-272

González et al. (2009) analysed SATI data from 1998 to 2007 and found that PW activity is273

similarly distributed all year round. In particular, the 5 day period PW was found predomi-274

nant in the SATI data, with maximum activity in summer and autumn, while the contribu-275

tion of long period waves was larger in autumn-winter and that of the 2-day period PW in276

the solstices. In general, planetary waves with different periods all had similar amplitudes.277

Rauthe et al. (2008), using lidar measurements at midlatitudes, found 6-10 K temperature278

variations from 80 to 100 km due to planetary wave, with rather similar activity throughout279

the year.280

Figure 4 shows that PW activity is slightly larger than the GWactivity in summer. PW281

activity in O2 emission rate is larger than GW activity throughout the year. O2 emission282

rate shows an annual variability, with larger PW activity inwinter than in summer. For OH283

emission rate, the PW activity is similar throughout the year with somewhat larger values284

in winter and in summer.285

We have also crudely estimated the seasonal variation in theabsolute magnitudes. To do286

this, we calculated the standard deviation of the residualsof the monthly averaged data287

after subtracting their yearly mean. We obtain standard deviations of 9 K for the OH rota-288

tional temperature, 6 K for O2 temperature, 70 R for OH and 40 R for O2 emission rates.289

These standard deviations are considered representative of seasonal variations and are also290

plotted in Figure 4. The 9 K OH rotational temperature standard deviation due to these291

changes corresponds to a sinusoidal variation of about 13 K amplitude, in agreement with292

values obtained with different sets of SATI measurements atour observatory in previous293

studies (López-González et al. 2004; 2007b). Also, seasonal amplitudes at these altitudes294

derived from other instruments at other mid-latitude locations (see Reisin and Scheer, 2009;295

Niciejewski and Killeen, 1995; Shepherd et al., 2004) showed similar results. Gao et al.296

(2010) reported an OH emission rate seasonal contribution of 7-9% to the total variability297

observed in OH emission by SABER at mid-latitudes.298

The relative contribution of the seasonal variability depends on the atmospheric parameter.299

Seasonal variations are dominant in OH temperatures and are1.5 times larger than those300

due to PW, GW or tides. In O2 temperatures they are of similar magnitude to those due301

to PW and GW. Furthermore, they are less predominant than those due to PW, GW and302

tides (in winter) in both emission rates, being twice smaller in OH emission rates and 2-3303

times smaller in O2 emission rates. This behaviour is easily seen in Figure 5a where we304

plot the complete set of SATI data, showing the large variability of both rotational temper-305

12



atures and emission rates. The seasonal variation of both temperatures is observed in spite306

of the dispersion due to the wave activity. However, seasonal variations are more difficult307

to observe in the emission rates because they are masked by the wave activity. Figure 5b308

shows the daily mean data, where the contribution from tidesand gravity waves with peri-309

ods shorter than a day are averaged out. It also shows the seasonal fitting obtained from the310

monthly means by considering simultaneously the presence of both the annual and semi-311

annual components. The fitted amplitudes of the annual variation are four times larger than312

the semiannual amplitudes in both temperatures, with values of 12 K and 8 K, respectively,313

for the amplitudes of the annual variation in OH and O2 rotational temperatures. However314

the fitted amplitudes of the annual variation are only 1.7 times larger than the semiannual315

variation in both emission rates, with values of 80 R and 40 R,respectively for the annual316

amplitudes of OH and O2 emission rates. The seasonal variability is still difficultto observe317

in both emission rates, mainly in the O2 emission rate, because the amplitude of the sea-318

sonal changes is smaller than that of the long period waves. This behaviour is also observed319

in the OH emission rate SABER measurements and SABER OH weighted temperatures for320

our latitude conditions (see Figure 2 in Garcı́a-Comas et al., 2017) where the seasonal vari-321

ation is dominant in weighted OH temperatures while GW and PWare predominant in OH322

emission rates.323

4 Summary and Conclusions324

We present a climatology of the gravity wave activity at mesospheric altitudes at mid-325

latitudes (37◦N) based on 15 years of SATI observations. The main conclusions reached326

are as follows:327

- Gravity wave activity exhibits an annual variability withpeak during winter and a faint328

peak in summer.329

- Gravity waves with periods smaller than 3h are more prevalent than those with periods of330

3-6 h, for both column emission rates and rotational temperatures, throughout the year.331

- For GW with periods smaller than 3 hours a maximum activity is found at summer.332

- For GW with periods between 3 and 6 hours an annual variationwith a maximum in333

autumn-winter is observed.334

- Tidal activity is only comparable to GW activity in winter,while in summer tidal activity335

observed with SATI is smaller.336

- The activity due to planetary waves in both temperatures and OH emission rates is of337

similar magnitude to that due to gravity waves throughout the year, but slightly higher in338

summer. However the activity due to planetary waves observed in IO2
is larger than the one339

due to gravity waves throughout the year.340

- The variability due to gravity and planetary wave passage is the main source of the total341

variability detected in both emission rates (about 80% of the total variance). However the342
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Fig. 5. SATI data as a function of the day of the year. a) All data. b) Daily averaged data.
Black: from 1998-1999; Green: 2000-2001; Dark blue: 2002-2003; Clear blue: 2004-2005;
Red 2006-2009; Yellow: 2012-2015. Solid line: Best fit for anannual and semiannual sea-
sonal variations.

variability due to waves and seasonal changes contributes similarly to theTO2
total varia-343

tion. TOH seasonal variation contributes more than 40% of the total variance, while GWs344

and PWs (and tides in winter) only contribute about 20%.345

- Waves affect the OH and O2 emission rates variability to a larger extent than seasonal346

changes.TO2
temperature is similarly affected by waves and seasonal variation (and tides347

in winter) withTOH being more affected by seasonal changes throughout the year.348
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Altitude distribution of vibrationally excited states of atmospheric hydroxyl at levels v =445

2 to v = 7.Planet. Space Sci., 35, 1029–1038, 1987.446

McLandress, C., M. J. Alexander, and D. L. WuMicrowave limb sounder observations447

of gravity waves in the stratosphere: A climatology and interpretationJ. Geophys. Res.,448

105, 1947–1967, doi:10.1029/1999JD900831, 2000.449

Mitchell, N. J., and C. L. Beldon Gravity waves in the mesopause region observed by450

meteor radar, 1: A simple measurement techniqueJ. Atmos. Sol. Terr. Phys., 71, 866–874,451

2009.452

Murtagh, D.P., Witt, G., Stegman, J., McDade, I.C., and Llewellyn, E.J. An453

assessment of proposed O(1S) and O2(b 1
Σ

+
g ) nightglow excitation parameters.Planet.454

Space Sci., 38, 43–53, 1990.455

Nakamura, T., Higashikawa, A., Tsuda, T., Matsushita, Y.Seasonal variations of456

gravity wave structures in OH airglow with a CCD imager at ShigarakiEarth, Planets457

and Space, 51, 897–906, doi: 10.1186/BF03353248, 1999.458

Niciejewski, R.J., and Killeen, T.L. Annual and semi-annual temperature oscillations459

in the upper mesosphere,Geophys. Res. Let. 22, 3243–3246, 1995.460

Offermann, D., Gusev, O., Donner, M., Forbes, J.M., Hagan, M., Mlynczak, M.G.,461

Oberheide, J., Preusse, P., Schmidt, H., Russell III, J.M.Relative intensities of middle462

atmosphere wavesJ. Geophys. Res., 114, D06110, 2009.463

Pancheva, D., Mukhtarov, P., and Andonov, B.Global structure, seasonal and464

interannual variability of the migrating semidiurnal tideseen in the SABER/TIMED465

temperatures (2002-2007) conditions.Ann. Geophysicae, 27, 687–703, 2009.466

Preusse, P., S. D. Eckermann, M. Ern, J. Oberheide, R. H. Picard, R. G.467

Roble, M. Riese, J. M. Russell III, and M. G. Mlynczak Global ray tracing468

simulations of the SABER gravity wave climatologyJ. Geophys. Res., 114, D08126,469

doi:10.1029/2008JD011214, 2009.470
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