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Abstract 10 

 Preliminary observations of the nocturnal variations of the OH(6-2)  and O2b(0-1) nighttime 11 

airglow in the mesosphere and lower thermosphere are investigated in the context of tidal 12 

influence for the tropical latitude station Pune (18.5ON, 73.85OE). This is the only tropical 13 

Spectral Airglow Temperature Imager (SATI) station where the tidal variations of mesosphere 14 

and lower thermosphere (MLT) temperature have been determined from ground based SATI 15 

observations. The SATI observations obtained since October 2012 reveal the influence of the 16 

migrating semidiurnal tides during solstice at this tropical station. There is variability in 17 

amplitude and phase obtained from SATI observations. In this paper, SATI observations on 10 18 

Dec 2012 and 3March 2013 are compared with Whole Atmosphere Community Climate 19 

Model (WACCM) simulations. The amplitude of semidiurnal tides is ~25K/30K on 10 Dec 20 

2012 during solstice for OH/O2 temperature. During equinox SATI data indicates existence of 21 

semidiurnal tide also. The airglow observations are compared with simulations from the 22 

WACCM. The model underestimates the amplitude of the semi diurnal tide during equinox 23 

(1.6 K/2.7 K at 87 km/96 km) and solstice (~3.8 K/4.8K at 87 km/96 km) for these days. The 24 

reason may be related to dampening of tides in the model due to the effect of strong latitudinal 25 



2 

 

shear in zonal wind. The diurnal variation of airglow emission - which the model simulates 26 

well - is related to the vertical advection associated with the tides and downward mixing of 27 

atomic oxygen.   28 

Key words: Spectral airglow, mesosphere, temperature, Whole Atmosphere Community 29 

Climate Model (WACCM). 30 

1. Introduction 31 

. It has been known for the last few decades that the most prominent motions in the 32 

mesosphere and lower thermosphere (MLT) are atmospheric tides which dominate the 33 

meridional wind field at low latitudes (Hays et al., 1994; Lieberman et al., 2007). The 34 

variability in the diurnal tide in the mesosphere and lower thermosphere is discussed by Hagan 35 

(1997). A brief description of tides is given below.  36 

Atmospheric tides are an integral part of the general circulation and play an important role 37 

in coupling between the lower and upper atmosphere (e.g. Hagan, 2000; Zeng et al., 2008). 38 

Tides that propagate into the MLT  affect the large-scale dynamics, chemistry, and energetics 39 

of this region. They may transport momentum and energy upward from the source regions (the 40 

troposphere and stratosphere), modulate the fluxes of gravity waves (Manson et al., 1998), and 41 

dissipate in the MLT region (e.g. Forbes et al. 1993; Miyahara et al. 1993).  42 

Tides also play a major role in the diurnal cycle of chemical species and transport in the MLT 43 

region (Ward et al. 1999; Marsh and Russell 2000; Zhang et al. 2001) and therefore influence 44 

chemical heating/cooling (Smith et al. 2003). Airglow observations also show strong seasonal 45 

variation in the amplitude of diurnal and semidiurnal tides (López-González et al., 2005). The 46 

https://www.researchgate.net/researcher/47803101_M_J_Lopez-Gonzalez
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tidal variability is so dominant that the seasonal cycle in the nighttime emission depends very 47 

strongly on the local time of the analysis (Marsh et al ., 2013).   48 

Ground-based measurements have helped to delineate the characteristic tidal motions of the 49 

middle atmospheric temperature and winds (e.g. Shepherd et al., 1998; Zhou et al., 2000; 50 

Akmaev, 2001;  Yuan et al., 2008a,b;  Gurubaran et al., 2009; Jaya Prakash  Raju et al., 2010; 51 

Hibbins et al., 2011 ). Studies pertaining to tropical regions are based on satellite observations 52 

(McLandress et al., 1996; McLandress, 2002, Lieberman et al., 2007; Zeng et al., 2008; Liu et 53 

al., 2008),  radar/lidar observations (Manson et al., 2003; Gurubaran et al., 2005; 2009; Pant et 54 

al., 2004; 2007) and airglow rotational temperatures (e.g. Taori et al. 2005, 2007, 2010, 2012; 55 

Taori and Taylor 2006;  Guharay et al. 2009; Ghodpage et al. 2015; Kishore Kumar et al., 56 

2008; 2014). 57 

The main advantage of ground-based observations at a specific geographical location is that 58 

they provide continuous long-term measurements at very high temporal resolution and at all 59 

local times on a given night, but optical measurements such as lidar or airglow provide data 60 

only during nighttime hours, insufficient to separate the diurnal and semidiurnal tides.  In 61 

contrast, satellite measurements can provide a near-global picture over 24 hours of local time, 62 

but their measurements at a given latitude on a single day are for just two local times, one for 63 

the daytime side of the orbit and one for the night time; which changes from day to day. 64 

 65 

Tidal influences on the diurnal emission rate of O(1S) were the first strong indication that 66 

dynamics are responsible for variations in the emission rate (Shepherd et al., 1995, 2012).  67 

http://www.sciencedirect.com/science/article/pii/S1364682610002099
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Details of their diurnal and seasonal variation are still under investigation (McLandress, 2002; 68 

López-González et al., 2004, 2007; Liu et al., 2008). These observations also exhibit a strong 69 

diurnal tide at the equator. The meridional and zonal wind components attain their maximum 70 

values at equinox, while the solstitial minima are smaller by nearly a factor of 2 around 20O N 71 

and 20O S. Vertical advection of atomic oxygen associated with the tides has been proposed to 72 

be the primary mechanism for the diurnal variation of the O(1S) airglow at the equator 73 

(Angelats i Coll  and Forbes, 1998; Ward, 1999) but confirmation with a ground-based 74 

instrument in the tropics has so far been lacking. Atomic oxygen plays an important role in the 75 

production of the OH and O2 bands (McDade, and Llewellyn, 1986). TIME-GCM simulations 76 

also suggest that the advection of the mean circulation is responsible for the transport of 77 

atomic oxygen (Liu and Roble, 2004).  78 

Temperature variations in the migrating tides have been less well studied. Mukhtarov et al. 79 

(2009) employed satellite data provided by the Sounding of the Atmosphere using Broadband 80 

Emission Radiometry (SABER) instrument on the Thermosphere Ionosphere Mesosphere 81 

Energetics and Dynamics (TIMED) satellite to present the global characteristics of the diurnal 82 

migrating tide. This study showed strong diurnal tides from 15° S to 15° N latitude, showing a 83 

seasonal cycle with maxima at equinoxes. Somewhat weaker amplitudes,  with a semiannual 84 

variation, were observed poleward of about 25° in latitude. In between the equatorial and mid-85 

latitudes there was a narrow “slot” in which the diurnal temperature amplitudes are very small.  86 

The Spectral Airglow Temperature Imager (SATI), described by Sargoytchev et al. (2004) is 87 

able to determine the airglow emission rate and rotational temperatures from the OH Meinel 88 

(6,2) and O2 Atm (0,1) bands. The performance at a higher latitude station has been well 89 
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demonstrated by López-González et al., (2005; 2007). In this paper, preliminary observations 90 

of airglow measurements at the tropical station Pune (18.5oN, 73.8oE) from ground-based 91 

SATI observations are reported for the first time. The new Pune results are compared against 92 

simulations from a 3D Chemistry Climate Model (CCM), the Whole Atmosphere Community 93 

Climate Model (WACCM) (Chang et al., 2012; Feng et al., 2015). There are only a few 94 

ground-based studies of the variation of airglow intensity over the Indian region (Gogawale 95 

and  Tillu, 1983; Ranade et al., 1988; Ghodpage et al., 2012), and they did not report 96 

temperature measurements.  97 

The paper is structured as follows:  section two describes the airglow measurements 98 

and WACCM model run. Section three gives details of the observed diurnal variations of 99 

temperature and emission rates during equinox and solstice. The influence of diurnal tides as 100 

observed in airglow temperature and emission rate, and WACCM results on the MLT 101 

temperature, are presented in section 3. Model and observed tidal characteristics are given in  102 

section 4. Key results including the correlation between airglow temperature and emission 103 

rates as well as vertical advection associated with tides and downward mixing of atomic 104 

oxygen are discussed in Section 5 and conclusion are made in section 6.   105 

2. Airglow Data and WACCM experimental setup 106 

2.1 The Spectral Airglow Temperature Imager (SATI) 107 

The Spectral Airglow Temperature Imager (SATI) is a spatial and spectral scanning Fabry-108 

Perot spectrometer, comprising a conical mirror, Fresnel lens, a CCD detector and narrow-109 

band interference filters centered at (1) 867.6 nm (O2 atmospheric (0-1) band) and (2) 836.8 110 

mn (OH Meinel (6-2) band) (López-González et al., 2004). Its field of view is an annulus of 111 

http://onlinelibrary.wiley.com/doi/10.1002/2015GL063718/full#grl52876-bib-0001
http://www.sciencedirect.com/science/article/pii/0032063383901563
http://www.sciencedirect.com/science/article/pii/0032063383901563
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30o average radius and 7.1o angular width centered on the zenith. It measures the column 112 

emission rate for several rotational lines and the rotational temperature is inferred from their 113 

ratios (Sargoytchev et al. 2004). The images obtained correspond to a ring of observation on 114 

the sky observed. The radial distribution of the image provides information on the spectral 115 

distribution while the azimuthal sectors correspond to different azimuths on the sky. In this 116 

study the images are analyzed as a whole (obtained from whole sky ring) to obtain an average 117 

of the rotational temperature and emission rate of the airglow. The exposure time is 120 118 

seconds and time resolution is 4 minutes for the OH and O2 airglow layers. The instrument 119 

error for both the OH and O2 relative temperature is ~1.7 K, and ~2% for emission rates. 120 

Further details of the SATI instrument and image reduction method are documented by López-121 

González al. (2005) and Sargoytchev et al. (2004). The SATI was built by CRESS (the Centre 122 

for Research in Earth and Space Science at York University, Toronto). The SATI Airglow 123 

observations at Pune used in this study is for 14 individual nights during the period October 124 

2012- December 2014, eight nights of data for equinox conditions and six nights of data for 125 

solstice conditions.  126 

In this paper, the influence of the sun-synchronous and migrating diurnal tides at the 127 

tropical station Pune (18.5oN, 73.8oE) from ground-based SATI observed temperature and OH 128 

and O2 airglow intensity, are reported for the first time. The results are compared against 129 

simulations from a 3D Chemistry Climate Model (CCM), the Whole Atmosphere Community 130 

Climate Model (WACCM) (details are given in the next section 2.2). The model simulations 131 

are used to study the dynamical changes in temperature, airglow intensity, and the atomic 132 

oxygen flux. Western Ghats around Pune is a gateway for monsoon convection. This hilly 133 

region may be a source of strong gravity/mountain waves and may impact mesospheric waves. 134 
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In the past, the High Resolution Dynamics Limb Sounder (HIRDLS) on the Aura satellite 135 

which measured temperature profiles of the atmosphere, has shown propagation of mountain 136 

waves into the mesosphere (Joan, 2008).Due to the lack of a longer time series, this study is 137 

focused on the equinox and solstice periods.  138 

2.2 Whole Atmosphere Community Climate model (WACCM) experimental setup   139 

 We employ WACCM (version 4) ((Marsh et al., 2013), a “high-top” coupled chemistry-climate 140 

model with an upper boundary at 6.0 × 10–6 hPa (~140 km) to understand dynamical processes in 141 

the mesosphere and lower thermosphere (MLT) region. WACCM reproduces diurnal and 142 

semidiurnal tide in the MLT (Chang et al., 2012, Feng et al., 2015). We have used the specified 143 

dynamics version nudged (forced) with the Goddard Earth Observing System 5 (GEOS-5) 144 

meteorological data set (Feng et al., 2013; Plane 2014). A nudging coefficient value (0.01) was 145 

used when assimilating the GEOS-5 analysis into WACCM, so that 1% of the meteorological 146 

conditions were combined with WACCM fields below 60 km at every model dynamics time 147 

step. Above 60 km the model was free running with a horizontal resolution of 1.9°ௗ×ௗ2.5° and 148 

~3.5ௗkm vertical resolution in the MLT. The Prandtl number is set to 4. We sampled the model 149 

output every 30ௗmin from January 2012 until the end of December 2013. 150 

The OH and O2 volume emission rates were estimated by integrating the product of 151 

kH+O3[H][O3], and kO+O[O]2[M] (Chamberlain, 1961), where the temperature-dependent rate 152 

coefficients are taken from Sander et al. (2006). Because this approach does not include 153 

quenching of the excited states, WACCM emission rates are scaled to best match the SATI 154 

observations. Because the daytime emission processes are different they are not considered here. 155 

http://onlinelibrary.wiley.com/doi/10.1002/2015GL063718/full#grl52876-bib-0001
http://onlinelibrary.wiley.com/doi/10.1002/2015GL063718/full#grl52876-bib-0004


8 

 

Furthermore, the emissions occur over several vibrational bands, whereas the narrow-band SATI 156 

measures emission in a single band e.g. the (6,2) Meinel band for OH. 157 

 158 

3. The variation of airglow temperature and emission rate.  159 

Figures 1a – d exhibit variations of OH temperature and emission rate for all the days 160 

of observation during solstice and equinox. There is a significant variation in peak 161 

temperatures. On few nights, for example 10 December 2012 and 14 December 2012 there is 162 

significant variation in nocturnal temperature while variability is weak on 10 December 2014 163 

and 23 Dec 2014. On some nights there is peak in temperature 2 hours before local midnight. 164 

The emission rates vary and the pre-midnight peak is not always evident. The measurement of 165 

emission rate is subject to light cloud which may not otherwise be recognized, but the 166 

temperature, which depends on the ratio of two emission rates is not affected. During the 167 

equinox, temperature and emission rates generally peak before midnight, but for a few nights 168 

higher emission values are observed after midnight. As noted earlier the emission rates are 169 

significantly lower at equinox than at solstice. 170 

 171 

3.1 The variation of airglow temperature and emission rate during solstice.  172 

 Figures 2 (a) and (b) illustrate the variation of the OH temperature and emission rates on 173 

10 December 2012 and the respective values are shown for O2 in Figures 2(c) and 2(d). These 174 

observations are also compared with WACCM simulations for the altitudes of 87 km for OH and 175 

95 km for O2. A simulated sinusoidal waveform applied to the SATI data (red color) provides a 176 

comparison with a semidiurnal variation. This variation is consistent with the presence of a 177 
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semidiurnal tide in the SATI OH and O2 temperature and emission rate although not definitive 178 

because of the short local time scale. The WACCM temperatures for the OH and O2 altitudes 179 

have ranges of 12 K peak to valley and 20 K respectively on 10 December 2012. While the 180 

WACCM temperatures for the OH altitude appear to have a diurnal component superimposed on 181 

the semidiurnal those for the O2 altitude appear purely semidiurnal so the characteristics at the 182 

two altitudes are somewhat different. The maximum of tide in the SATI temperature in OH 183 

measurements is similar to WACCM (figure 2(a)), while SATI temperatures are smaller than 184 

WACCM (by more than 20K) in the minimum. But, on average, WACCM temperatures are 185 

warmer by about 15K. The SATI observed temperature in O2 measurements is similar to 186 

WACCM (figure 2(c)) in the minimum of the detected tide while maximum SATI temperatures 187 

are larger than WACCM by 40K. Now SATI temperatures are warmer on average by about 15K. 188 

The mean SATI temperature observed in OH measurements is colder (underestimated), while the 189 

mean SATI temperature observed in O2 measurements is warmer (overestimated) than the mean 190 

temperature simulated by WACCM. The observed SATI temperatures are roughly 30 K higher 191 

for O2 than for OH, suggesting that the O2 layer at 94 km is above the mesopause. Figures 2(a) 192 

and 2(c) show that the amplitude of the tide observed on 10 December 2012 is larger than the 193 

amplitude of the nocturnal variation simulated by WACCM at both (OH and O2) altitudes. Thus 194 

mean amplitude simulated by WACCM seems to be underestimated respect to the nocturnal 195 

variation observed by SATI on 10 December 2012. The reason for this may be related to 196 

damping of tidal amplitude in the WACCM simulations (Feng et al., 2013). The conversion of 197 

WACCM atmospheric pressure to altitude is also a possible source of difference.  198 

Both the temperature and OH emission rate from SATI and WACCM show a pronounced 199 

maximum about ~1.5 hour before local midnight. Figure 2 (c) shows that the O2 temperature 200 
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peaks ~3 hours before midnight. Ghodpage et al. (2012) observed a maximum in the higher 201 

altitude OI 557.7 nm intensity 3-4 hours before midnight during equinox at the Indian station 202 

Kolhapur (16.8ON, 74.2OE). Whereas the airglow measurements (OH and O2 emission rates and 203 

temperature) at the mid-latitude station at the Sierra Nevada Observatory (37.06ƕ N, 3.38ƕ W) 204 

show a maximum 2 hours after midnight during winter solstice (López-González et al., 2005).  A 205 

comparison of figures 2(a) and 2(c) shows that the peak in O2 temperature around 95 km occurs 206 

about 1 to 1.5 hours before the peak in OH temperature (around 87 km), which is evidence of  207 

downward phase propagation of an upward-propagating semi-diurnal tidal wave.. Different 208 

values of phase delay between OH and O2 temperature and intensity at different latitude and 209 

season conditions have been reported in the past (Hernandez et al.,1995; Vargas et al., 2007; 210 

Taori et al., 2007; Takahashi et al., 2011). 211 

 212 

3.2 The variation of airglow temperature and emission rate during equinox. 213 

During equinox (March-April) Pune experiences frequent thunderstorms which last a few 214 

hours and weather becomes clear thereafter. Thunderstorm activity therefore causes the airglow 215 

observations to be intermittent. Hence, the SATI OH emission rates and temperature have been 216 

averaged for half an hour around each time shown in Figure 3. The data on O2 emission rates and 217 

temperature is sparse (2-5 nights per month) during this period. Figures 3(a) and (b) illustrate the 218 

variation of the averaged OH temperature and emission rates on 3 March 2013. Again, the 219 

WACCM simulated temperature at 87 km and OH emission rates are included for comparison, 220 

showing that the mean temperature in the model is colder than the SATI observations on 3 221 

March 2013. The red line is a simulated sinusoidal curve applied to the SATI observations, 222 

consistent with the existence of a semidiurnal tide over this short local time range. As discussed 223 
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earlier it is not possible to separate diurnal and semidiurnal components from observations 224 

during night time hours only (Crary and Forbes, 1983).  WACCM simulations show during this 225 

equinox the existence of a dominant migrating diurnal tide. The amplitude of the diurnal is 226 

stronger than the semidiurnal tide (discussed in section 5). On 3 March 2013, the minimum and 227 

maximum in SATI temperature is warmer than WACCM.  Figures 2 and 3 show that the shape 228 

of the nocturnal variation of temperature is similar on 10 December 2012 and 3 March 2013.  229 

The observed maximum temperature is ~280 K on 3 March 2013 and ~220 K on 10 December 230 

2012. The observed maximum temperature on 3 March 2013 may be anomalous or it may be due 231 

to seasonal variation. The plots of hourly variation in SABER temperature also show temperature 232 

reaching up to  ~250K on few days and ~200K on other days at a mid-latitude station (37.06O N, 233 

3.38 OW)  (López-González et al.,2007, figure 6 therein).  234 

4. Model and observed tidal characteristics 235 

The tropical MLT region is dominated by the semidiurnal/diurnal migrating tides (McLandress 236 

et al., 1996). In order to understand the tidal influence on MLT temperature, we analyze 237 

anomalies in temperature as obtained from WACCM simulations during equinox and solstice. 238 

Figures 4(a) and (b) shows anomalies in WACCM temperature between 65 km and 120 km, 239 

on 10 December 2012 and 3 March 2013, as representative of solstice and equinox, 240 

respectively. The anomalies are obtained by subtracting the respective monthly mean 241 

temperatures for each altitude. The downward propagating alternate positive and negative 242 

temperature anomalies are seen during equinox and solstice. From the temporal variations at 243 

87 or 95 km, one can see in figure 4 that diurnal tides prevail on 3 March 2013 (equinox), and 244 

semidiurnal tide on 10 December 2012 (solstice) and the distinction is even clearer at higher 245 
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altitudes. A Fast Fourier Transform (FFT) analysis of the temperature time series from the 246 

WACCM simulations (at 87km and 95km) also reveals strong diurnal tides during equinox, 247 

and semi-diurnal during solstice (discussed in later in this section, Figure 5). A simulated 248 

sinusoidal curve fit on SATI OH temperature on 10 Dec 2012 shows amplitude of semidiurnal 249 

tide as 25K while at 87 km, WACCM shows mean amplitude of semidiurnal tide as 3.8K and 250 

diurnal tides as 1.8 K. The amplitude in SATI temperature is obtained from a curve fitted for 251 

about 8 hours, while the amplitude in WACCM temperature is estimated from an interval of 252 

18 hours. As shown in Figure 4 the tidal patterns are complex, changing from day to day and 253 

even during one day and suggesting the presence of additional components. The derived 254 

amplitude for the WACCM temperature is averaged over solstice/equinox while that from 255 

SATI is for single day. This may be a reason why the retrieved amplitudes in WACCM are so 256 

small compared those of SATI on individual days. During March WACCM simulations show 257 

stronger diurnal amplitudes than do the semidiurnal tide. SATI OH temperature on 3 March 258 

also indicates a semidiurnal tide amplitude of ~38K. The nocturnal variation of ROSE model 259 

simulated temperature is ~40K at the equator (Marsh et al., 2006). As we have already seen in 260 

the comparison with SATI data, the variability in the amplitude for this day is larger than the 261 

obtained by WACCM. Amplitude of the semidiurnal tide larger than WACCM has been 262 

reported in the past by Smith, (2012), Liu et al., (2013), Feng (2015). Zhu et al. (1999) 263 

suggested that tides may be strongly damped in the model due to the strong effect of zonal 264 

mean winds. McLandress et al. (2002) reported that strong latitudinal shear in the zonal wind 265 

is responsible for weakening of the tide in the model.  HAMMONIA model simulations by 266 

Beig et al. (2012) reported amplitudes of diurnal tides ~20 K in the upper mesosphere.  From 267 
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Global Scale Wave Model and SABER measurements, Zhang et al. (2010) reported 268 

amplitudes of the diurnal tides at 95km or 110 km  ~20 K,  and ~6 K  for the semidiurnal tide.   269 

Figure 5(a) - (d) depict the vertical variation of the amplitude and phase of the diurnal and 270 

semidiurnal tides, estimated from the WACCM night-time temperatures during December and 271 

March (average for 2012 and 2013) as representative of solstice and equinox, respectively. 272 

Figure 5(a) shows that during solstice the semidiurnal tide dominates the MLT region at low 273 

latitudes, with amplitude nearly double that of the diurnal tides (except between 82 - 85 km). 274 

During equinox the diurnal tide dominates with amplitude almost double that of the 275 

semidiurnal tide (Figure 5 (c)). Figure 5(d) shows that there is phase reversal at about ~84 km, 276 

for the semidiurnal tide, and at about ~88 km, for the diurnal tide. SABER results and GSWM 277 

model show semidiurnal steep phase change at ~90-92 km at Arecibo, Puerto Rico (18.3°N, 278 

66.8°W) and Maui, Hawaii (20.7°N, 156.3°W) stations, suggesting presence of a dominant 279 

non-migrating tide of long wavelength (Friedman et al., 2009). A number of papers in the past 280 

have reported similar results at tropical sites (Hecht, et al., 1993; Schubert et al.,1999; 281 

Walterscheid et al., 2000; Friedman, and  Chu,  2007).  282 

5. Correlations between temperature and OH emission rate 283 

Figures 6 (a), (b) and (c) illustrate correlations between temperature and emission rates for OH 284 

and O2 airglow on 10 December 2012 and 3 March 2013, measured by SATI. A significant 285 

positive correlation with a correlation coefficient R > 0.72 is observed on these nights. A 286 

similar positive correlation (R > 0.76) is also obtained between the WACCM temperature at 87 287 

km/95 km and WACCM OH/O2 emission rates (Figures 6 ((d), (e) and (f)). From SATI 288 

observations and model simulations, Cho and Shepherd, (2006) also reported a positive 289 
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correlation between temperature and emission rates for OH and O2 at Resolute Bay (74.8oN). 290 

Takahashi et al (2004) and Espy et al., (2007) also reported similar results at Shigaraki 291 

(34.9ON, 136.1OE) and Stockholm (59.5°N, 18.2°E) respectively. The correlation is consistent 292 

with the presence of vertical motions (Takahashi et al., 2004; Cho and Shepherd, 2006; 293 

Shepherd et al. 2012, Espy et al., 2007). The analysis of correlation between temperature and 294 

emission rate indicates that the correlation coefficient is different for each day but the 295 

correlation is positive. This is likely an indication of day-to-changes in the vertical profiles of 296 

atomic oxygen concentration and temperature. The model simulations by Cho and Shepherd 297 

(2006) suggested that at higher latitude (74.8oN), the peak altitude of emission is related to the 298 

emission rate, larger emission rates corresponds to lower peak altitude. Thus observed positive 299 

correlation between temperature and emission rate indicates that dominance of dynamics over 300 

chemistry.  301 

We now estimate the upward/downward fluxes of atomic oxygen 1/(m^2 s) due to vertical 302 

advection, using WACCM data. The fluxes (f) are obtained from the product of the vertical 303 

wind velocity (w) and the atomic oxygen number density (N) i.e. f = w*N (Liu et al., 2008).  304 

Figures 7(a) and (b) show the calculated atomic oxygen fluxes corresponding to vertical 305 

advection. The variation of the flux has a semidiurnal pattern on 10 December 2012, and a 306 

mainly diurnal pattern on 3 March 2013. It can be seen that the amplitude of the atomic 307 

oxygen flux on 10 December 2012 is consistent with the variation of the SATI observed O2 308 

temperature and emission rates, reflecting the dominant influence of the semidiurnal tide.  For 309 

3 March 2013 the period of about 16 hours suggests the presence of a semidiurnal component 310 

in addition to the diurnal.  311 
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6. Conclusions 312 

The airglow temperature and emission rates (for 14 nights) were measured using a ground-313 

based SATI instrument at the tropical station Pune from October 2012 to December 2014. In 314 

this paper preliminary results from SATI observations are shown for 10 December 2012 and 3 315 

March 2013 as an example of solstice and equinox. We employ the WACCM model to study 316 

the tidal characteristic during solstice and equinox. The variations in SATI observed emission 317 

rates and temperature with respect to WACCM simulations on individual nights may be 318 

related to the variability of tides. WACCM simulations show a dominant semidiurnal tide 319 

during solstice and a diurnal tide during equinox. The conclusions may be summarized as 320 

follows.  321 

1. Both SATI OH temperature and WACCM temperature at 87 km, on 10 December 322 

2012, show maxima at 2 hours before midnight and SATI O2 temperature and 323 

WACCM temperature at 95 km show maxima at 3-4 hours before midnight. The 324 

maximum in O2 temperature is higher (by ~30K) than OH temperature indicating that 325 

the O2 emission is above the mesopause. 326 

2. WACCM simulations show existence of both semidiurnal and diurnal tides during 327 

equinox and solstice. During equinox, the amplitude of the diurnal tide is stronger than 328 

the semidiurnal tide (at 87 km). The SATI OH temperature on 3 March 2013 (Equinox) 329 

indicates the existence of a semidiurnal tide and there is no prevalence of diurnal tide 330 

which is predicted by the WACCM model. The existence of a semidiurnal tide during 331 

equinox is also observed in the ground-based measurements  by Friedman et al., (2009) 332 

who reported the existence of semidiurnal tides during all the seasons for the same 333 
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latitude. It is also consistent with the satellite results from SABER that showed a 334 

minimum in diurnal tide amplitude at 20° latitude (Mukhtarov et al., 2009).  335 

3. During solstice, on 10 December 2012, the amplitude of the semidiurnal tide in SATI 336 

OH temperature is 25K and in WACCM (at 87km) it is ~10 K and the estimated 337 

amplitude from WACCM simulations for the complete solstice period is ~3.8K.  For 338 

O2 it is ~27K for SATI  and ~9.8 K for  WACCM (at 96 km) and  from WACCM 339 

simulated for the complete solstice period it is ~4.8K. This indicates that the amplitude 340 

of semidiurnal tides is  larger than estimated by WACCM for these days, and possibly 341 

all days. The SWM-95 model also underestimated diurnal tides (Hagan et al., 1999; 342 

Forbes and Wu., 2006). 343 

4. The analysis of correlation between OH/O2 emission rates and corresponding 344 

temperature (both SATI observations and WACCM simulations) shows positive 345 

correlation on 10 December 2012 (solstice) and 3 March 2013 (equinox). Although 346 

SATI data are sparse during equinox a positive correlation persists. This shows that 347 

lower/higher temperature corresponds to lower/higher emission rates indicating 348 

vertical motions and the dominance of dynamics over chemistry. A similar positive 349 

correlation is also reported by Cho and Shepherd (2006) at a high latitude station, 350 

Resolute Bay (74.68 ON). Therefore this paper shows that the positive correlation is 351 

general, not limited to one particular region. 352 

5. The calculated atomic oxygen fluxes corresponding to vertical advection exhibit a 353 

variation that is semidiurnal during solstice and diurnal during equinox, suggesting that 354 

vertical advection associated with tides dominates the transport of atomic oxygen. 355 
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 644 

Figure 1: Hourly values versus time for (a) OH temperature during solstice (December-645 

January) (b) OH emission rate in Rayleigh (R) at solstice (December-January) (c) OH 646 

temperature during equinox (March April) (d) OH emission rate in Rayleigh (R) during 647 

equinox (March April). 648 
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 666 

 667 

Figure 2: Variation of (a) OH temperature (b) OH emission rate in Rayleigh (R) (c) O2 668 

temperature (d) O2 emission rates on 10 December 2012 as observed by SATI. The WACCM 669 

simulated temperature at 87 km are compared with OH temperature and at 95 km with O2 670 

temperature. Simulated OH and O2 emission rates are compared with SATI observations in 671 

figures (b) and (d). Red curves show simulated sinusoidal waveform.    672 
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Figure 3:  Variation of (a) OH temperature (b) OH emission rated in Rayleigh (R) as observed 686 

by SATI. The WACCM simulated temperature at 87 km and emission rate are compared with 687 

SATI observations. Red curves show simulated sinusoidal waveform.   688 
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 701 

Figure 4: WACCM simulated vertical profiles of temperature anomalies (K) at Pune for (a) 10 702 

December 2012 (b) 3 March 2013. 703 
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Figure 5: Vertical profiles of amplitude and phase of diurnal (black profile) and semi-diurnal 725 

(red profile) in temperature as obtained from WACCM simulations (a) amplitude (K) for 726 

December 2012 and 2013 (b) phase (hours) averaged for  December 2012 and 2013. (c) and 727 

(d) same as (a) and (b) but for March 2012 and 2013. 728 
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 749 

Figure 6: Scatter plots of the 30 minute averaged SATI data (a) temperature and emission rate 750 

in Rayleigh (R) of OH for 10 December 2012 (b) temperature and emission rate of OH in 751 

Rayleigh (R) for 3March 2012 (c) temperature and emission rate in Rayleigh (R) of O2 for 10 752 

December 2012.  Figures (d)-(f), same as figures (a)-(c), but obtained from WACCM 753 

simulations. The solid lines are linear fits to the data.  754 
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 762 

 763 

Figure 7: WACCM simulated vertical profiles of atomic oxygen flux (1/(m^2 s)) at Pune (a) 764 

10 December 2012 (b) 3 March 2013.  Positive anomalies indicate upward and negative 765 

anomalies downward motion.  766 
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