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10 Abstract. 11-years long K Doppler lidar observations of temperature profiles in the mesogpitetewer thermosphere
(MLT) between 85 and 100 km, conducted at the Arecibo Observatory, Puertq IRi&N, 66.75W), are used to
estimate seasonal variations of the méamperature, the squared Briwdsda frequency, 0 , and the gravity wave
potential energy in a composite year. The following unique features are obtained: 1. The mean temperature structure show
similar characteristics as a prior report based smaller dataset: Z.emperature Inversion Layers (T)occur at94-96 km

15 in spring,at~ 92 kmin summer anét ~ 91 km irearly autumn3. The first complete rangesolved climatology oGravity
Wave Rtential Energy (GWPE) derived fromtemperaturedata in the tropical MLT exhibits an altitude dependent
combination of annual oscillation (AO) and semiannual oscillation (SA@3maximum occurs in spring and the minimum
in summer, a second maximum is in autumn and a second minimum in; Wintére GWPEper unit volumereduceshelow
~ 97 km altitude in &lseason Thereductionof GWPEis significant at and below the TILs bbecomes faint aboy¢his

20 provides strong support to the mechanism that the formation of upper mesospheric TIL is due mainlyettuttionof
GWPE The climatology of GWPE shows andeed pronounced altitudinal and temporal correlation with the wind field in
the tropical mesopause region published in the literaufdis suggest the GW activity in the tropical mesopause region
shouldbe manifested mainly by the filtering effect ofitical level of the local background wirahd theenergy conversion
due tolocal dynamical ingbility .

25 1 Introduction

Gravity Waves(GWSs) are believa to be the primary force driving the largeale circulation and coupling of different
atmospheric lays due to their momentum and energy deposition when breaking or dissipating (Fritts and Alexander, 2003;
Lindzen, 1981; Smith, 2012). \@s often originae from copious tropospheric sources and propagate upward. Their
amplitudes grow rapidly with altitude dar the condition ofdecreasingatmospheric densityGWSs begin to break or

30 dissipate in the Msosphere antower Thermosphere (MLT)wheretheir influences have been shown to be strong by



various observations (e.g., Baumgarten et al520017; 208; Cai ¢ al., 2014; Gardner and Liu, 2010; Li et al., 2010; Lu et

al., 2009; Yuan et al., 2016) W& are therefore an essential component in current Genecaldlion Models (GCMs) [e.g.,

Liu and Meriwether, 2004; Picone et al., 2002]. Associated modelingesthdive shown that including the effects of GWs

is a keypointto simulate realistic quasiennial and semiannual oscillations and other phenomere isttatosphere and
mesosphere [e.g., Dunkerton,829Huang et al. 2010; Xu et al., 2006].

The upward popagations of GWs are often influenced by the background wind fields (§.4.aivd Medvedev, 2@). The

altitude ranges, where GWSs interact with teckground wind to dissipae and deposienergy and momenturto the
backgroundare of high interestd researcherslhis happens mainly in the middle atmosphere near or between stratopause
and mesopause. Above 35 km altitude, the semiannual oscillation (SAO) shows a predominance in the annual variability o
the zonal winds (e.g., Garcia et al., I98lirota, 1980). TheSAO phase of zonal winds shifts approximately 180°with the
altitude increasing from stratosphere to mesospfdre.stratospheric SAO leads to a seasonal variatidittefing of the

upward propagating waves, which results in a $pes@sonal variatin of GW activity in the mesosphere

The mean zonal winds in mesosphere and lower thermosphere (MLT) have been measured by bebaggduradiar

(e.g.,, Garcia et al., 1997; Lieberman et al., 1993) and satedited instrumentsuch as he HighResoldion Doppler

Imager (HRDI), Wind Imaging Interferometer (WINDII) and the Microwave Limb Sounder (MLS) on board the Upper
Atmosphere Research Satellite (UARS) or the Doppler Interferometer (TIDI) on board the Thermosphere lonosphere
Mesospher&nergetics ash Dynamics (TIMED) satellit¢e.g., Smith, 2012 They show different features of the zonal winds

in the mesopause ranfm tropical region to middle latitudeegions Garcia et al. (1997) and Smith (2012) showed that,

for example, theveserly winds prevailedin the range 8®5 kmbothin Januaryand Julyin the HRDI equatorial zonal wind

but it reversed below or above this rarigehe north hemispherelrhe monthly mean HRDI equatorial zonal wind showed

that the easterly windsiere prevding in equinxes seasonis the 80100 kmaltituderange with the minimal wind speed
occurring near 92 kmwhile the westerly windprevailed insolstice seasons the 8094 km altitude range with the
maximal wind speed occurring near 88 km. The eastengdsturn tobe prevailedabove 95 kmn solsticeseasongSmith,

2012. Therefore, the zonal winds are low or zero aro@®im altitudein tropical region The zerewind lines will enhance

redudng or dissipating of zonal propagating gravity wave Wit to moderate phase speddere are also reports about the
tropical MLT mean winds measured by ground base radars@ailggray and Franke, 201L1i; et al., 2012).

Temperature is a crucial parameter indicating the state of the atmosphere. To nieatemgerature in the MLT region,
satellite and lidar techniquésve beemeveloped in recent decades. Satellite measurements have the advantage of resolving
large spatial scale wave structures, but the dkom variability in dynamical features getssioWhie for the lidar
measurements, they provide vertical prafitd temperature with a suitable temporal and vertical resolution at a particular
location. Lidar data can well resolve gravity waves with short and medium periods and their temporgintevelthe
perturbation or standard deviation from zonal mean temperature is often used as a wave activity indicator in the atmosphere
For instance, Offermann et al. (2006) use the temperature measured from CRISTA (CRyogenic Infrared Spectrometers an

Telescopedor the Atmosphere) and from SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) to
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investigate the global wave activity from upper stratosphere to lower thermosphere. They showed quite different wave
behaviars below and abovéneirdd i ned-t awbhwvpaused close to but | ower than
the propagation of the wave is significantly dissipated, while above that, the propagation of the wave is almost free.

The reductionof GW activity has also beengsentecby lidar temperature measurements at-tatdude sites (Mzéet al.,

2014; Rauthe et al., 2008). Both Mzéet al. (2014) and Rauthe et al. (2008) showed that the GW activities presented an
annual variation with maximum in winter and minimum in sumntieey redu@d significantly at the upper mesosphere
altitudes above ~ 70 km in all seasons, whilerdductionbelow ~ 70 km is not sevident Mzéet al. (2014) observed

nearly undamped propagatioh GW in summer in the low mesosphere. MeanwhilejtRa etal. (2008) also reported the
weakestreductionoccurring in the summer seaso8&ce he effects of GWn the numericatlimate and weather prediction
models are usually represented simply by parameterizétion et al., 2003)there are still lage disrepancies between

model and measurement results (Geller et al., 20t8refore,more attention should be paid ttee GW parameterization
aboutthese kindg of observatiosin the upper mesosphere and mesopause region to improve therasudigl

Seasonal variations of GW activities based on lidar temperature measurements have been investigatddvatatitude

sites (ChanéVing et al., 2000; Li et al., 2010; Sivakumaradt, 2006). Thesstudesused Rayleigh lidar data and focused
mainly onthe upper stratosphere and lower mesosphere in an altitude region from 30 to 80 km. They showed the SAO
dominated the seasonal variability of GW activities with maxima in both wamersummer and minima near the equinox.

Li et al. (2010) related this tihe dominated SAO in the mean zonal wind in the tropical stratosphere and lower mesosphere.
Considering thalifferent transtion of the mean zonal winth the range80-95 km in the topical regionnoted abovethe
seasonal variability of GW activity in ¢htropical upper mesosphere is expected to be different from either the lower
altitudes or the midand highlatitude regions.

To our knowledge, the seasonal variability of Gativity retrieved from mesospheric lidar temperature data with high
temporal ad vertical resolution have never been reported from a tropical location.

Such measurements of atmospheric temperature have been conducted with the K Doppler lidar loocatédeatbth
Observatory (18.35N, 66.75W), Puerto Rico (Friedman and Chu, 2007¢ ¥t al, 2013, 2016,). Since December 2003, the
Arecibo Observatory K Doppler lidar has operated routinely, producingchighty temperature data. In this report, we
estimde the mean temperature, the squared Bwlas#iafrequency, 0 , and theGW potential energy and their annual
variability from the temperature dataset. We find an altiiodaltitude close relationship between the annual variability of

the potential engy in this report and that of the mean zonal winds initeeature. Their implications to th@W activity in

the MLT are discussed.

2 Observations

The Arecibo K Doppler lidar probes the potassium D1 line to deduce the potassium density and neatrgdeaature
simultaneously by employing the thr&equency ¢chnique (e.g., Friedman and Chu, 20Biedman et al 2003). The
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temperature was obtained at 0.45/0.9 km vertical and 10/30 minutes temporal resolution, respectively (Friedman and Chu
2007), aad we unify them into profiles with resolutions of 0.9 knd&@0 minutes in vertical and temporal dimensions,
respectively. This data processing excludes the perturbations relev@&wsdowith vertical wavelengths and observed
periods less than 1.8 km addhour, respectively. Their exclusion may bias the ded@atassociated potential energy
estimations towards mic&and lowfrequencyGWSs. The root mean square (RMS) temperature errors is about 2 to 3 K at the
peak of the K density layer and increase touald® K around 85 and 100 km (Friedman and Chu, 2007; Yale €017).
Measurementwere made only at night in two periods, one from December 2003 to January 2010, the other from November
2015 to April 2017. Data were available for every calendar month. Across the 11 years of the data collectioRO@eriod,
obsewing nights with a total ofl470 hours of data were available at the time of preparing this report. The number of
observation nights/hours varies from 4 nigP8dhours in October, to 32 nigh&d hours in January. On average there are

16.7 nights or122.5 hours of observation eachonth. The statistics for the used temperature observations are plotted in Fig.

1 and the numbers of observational nights and durations are summarized for each month in Table 1. When the data at
binned into weekly intervals, ¢y cover 45 weeks of a yeddn average there ark4 nights or 327 hours of observation

each week. The gaps are at weeks 7,18, 19, 25, 26, 39 and 42. The distribution of the data is quite even during the year. Tt

allows us to fit the5W activity annualariability through weeklyneans of temperature.

3 Calculating Methods

The potential energy densi@ can be estimatbefrom temperature observatioasd thenis chosen as a measure of GW

activity. O is defined as (see, e.g., Vincent et B997)

o -- =, Q)
where
6 = — — )

Here"Qequals to 9.5 @ , is the gravitational acceleration in MLU;is the BruntVasaéfrequency calculated accorihg
to Eq. (2);Yis the mean temperatusveraging over altitudéY is the temperature perturbation; ahdis the constant
pressure heat capacity, equals to 1804 E C . In Eq. (1), the calculation @ depends on the estimat® ofl , “Yand"Y.
The procedure adopted by Gardner &nd(2007) is closely followed here for the estimatiori¥flt includes 4 steps. Step

1: for the unified data with 0.9 km and 30 minutesach night of observatiodata points with pston noise errors larger
than10 K in temperature are discardeStep 2: he linear trend in timat each altitude in the temperature prafikethen
subtractedo eliminate the potential biases associated with GWs with periods longealibahtwicethe observation period.

Step 3:deviationsexceeding threstandard deviations from the nightly mean are discafided the resulted temperature
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deviationseries at each altitude remove occasional outlierStep 4:the vertical meais subtracted from eadkmperature
deviationprofile to eliminate the influences of the waves with vertical wave length longer than about twice the profile height
range (~ 25 km)The resulted temperature deviatiqsy are used to calculate nightly me@mperature perturbian ('Y

9.

The data on 18 Decemb2003 are taken an examplef the data processingig. 2a shows the temperature contours after
stepl. The data covers largely-8@3 km altitude rangehe bottom edge increases to about 84 km in the sdwhdf the
night. Fig. 2b showthe subtracted trends time which indicates that the background temperatrereasgat each altitude
between 85100 km range but increas@ear both the bottom and top edgEgy. 2c is the corresponding temperature
devations. The temperature deviatiorfieea step 4 are shown in Fig. 2t shows thatjn contrast to midand high latitudes
(e.g. Baumgarten et al., 201RBauthe et al., 20Q8the perturbationsGWs) are dominated by smadtale variability and to a
smaler extend by coherent wave structr€he difference between Fig. 2c and Fig. 2d is pronountkid. indicates that
step 4 iseffective in eliminating the influences of the waves with longer vertical wave leRgtthermore, Guharay and
Franke (2011) hae given arather strongsemidiurnaltidal amplitude at the mesopause region through the meteor radar
observations over a nearby site (2017156.4W). The amplitude increases with altitude and shows a clear SAO pattern
with maxima during solstices. Thignd of feature is not found in theakiations of GW potential energy with altitude and
season in later sections hefdowever, the total effective of this methdremoving the tidal is not easily to evaluated due
to the lack of the knowledge on tidalraponents in this latitude and theogler and often intermitted measurement periods.
Fig. 3a shows the individualprofiles of thetemperature fluctuations (cyan curves) for the night. The nightly mean
temperature perturbations and the statistical urioéigda are also presented by black and red lines, respectiiady.
statistical uncertainties are usually less than 5 K below 98lktade theyincrease a bit to ~ 6 K and keepkiove While

the nightly mean temperature perturbations decrease fronK~di885 km to ~6K at 89.5 km and then increase to and
oscillaie near1l K above. Thesquare of the ratio of temperature statistizatertainty over nightly mean perturbation is
plotted in Fig. 3b.t representghe relative error in estimating the pofahtenergy due to statistical uncertainty in the
temperature datdn this night, the relative errerare lower than 20% below 95 kamdbecomearger above. The maximal
relative error occurs just below 97 kmith a value of 59%. Theelative error is a bilarger than 30%hear 100 km altitude
butless than 10% near 85 km.

The unified 0.9 km an80 minutegresolution temperature pragig on each observational night in the sdohded week are
binnedand averagetb thefixed vertical and temporal grids t@ustruct theveekly composite nighof temperaturef a year.
The weekly composite night data "™fs first spatially and then temporally smoothed using Hamming windows with full
widths at half maximum (FWHM) of 2.7 km and 3 hours, respectivetys method of computing the weekly composite
night follows the approdrcused by Friedman and Chu (20G#)d the references therein. The resultivegkly composite
night of temperatureusually covers most of the night from sunset to sunfisd shown herethe resulting monthly
composite night can be seen in Figure 3 ofdfrian and Chu (2007), which is computed with a small patttetiata set

used herp It is a close representation of the mean state at the fixed time and altitude bins within an averdgimighivee
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After that,the weekly composite nights are then avedaigederive the weekly mean profiléghe nightly mean temperature
perturbation profileswith unified 0.9 km resolutionn the samefolded week are averaged to obtain the weekly mean
temperatire perturbation profileThe weeklymean profilesof § and theconsequentiaD at 0.9 km resolutions are
estimated through Eq. (2) alit), respectivey. Forthe weekly mean profiles efach parametetheyare fitted to énarmonic

fit model including the annual mean plusrh@nth (annual) oscilladn and6-month (semiannual) oscillatioithe equation

of the model is as following:

afo @ 8 GATO— 0 « a b GATO— 0 - ¢ (3)

where &P is the value of aveekly mean pameterat altituded and weeld, expressed in vek of the year (52), &

is theannualmean® & ande & (¢ ¢fp §are the amplitude and phase of henonth oscillation, respectively.

To keep theharacteristics of higher ced component the seasonal climatology ehchparameter, the fitted o was

subtracted from the raw weekly mean profiles and the residuals were smoothed using a Hamming window with a FWHM of

4 weeks. The smoothed residuals were then added b#uk fited  Afd , the resulting seasonal climatologhereafter SC)
of each parameter is thdhustrated together with weekly mean profiles in the results section. Meanwhilitéiteseasonal
variations(hereafter SV) & of each parameter,e. the mean pis the annual and semiannual harmonic fits, are also

presented together with the amplitude and phase information of each monochromatic wave in the following section.

4 Results

In the following the results of the analysise shown and discssed with resm to the seasonal variation of the mean
temperaturegection4.1), Square of the Brutasdafrequency ( section4.2) and theGW activity (section4.3). Therefore,

we plot theweekly mean profilesnd the correspondin§Csof "YU , andO in Fig. 4, 6, and8, respectively, at 0.9 km
vertical and onaveek temporal interval§he SVs of Y0 , andO by applying Eq. (2) are presentedFig. 5a, 7a, and9a

(top left panelin each figurg respectively. Themplitudes and phases of the-hdnth and émonth oscillations of the
regression model are plotted in Fig, 7c and9c (top right panels) andd, 7d and9d (bottom right panels), respectively.

the raw data, temperature error due to photon noiseuslydess than 5 K in the altile range 8B7 km because the K
density in this range is usually rather larger (e.g., Yue et al., 20@Ahow the seasonal variation of each parameter more
clearly, the data between 87 and 97 km are averaged in alihethen fitted to the same seasonal model consisting of the
annual mean, AO and SA®lote that it is in a risk of smoothing the temporatiations for those parameters, suct as
which is strongly varying in term of altitude in this ran@jee aveaged results and the fitted curves are plotted inS&igrb

and9b (bottom leftpanels). The statistical parameters farsifits are sumrarized in Table 2.
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4.1 Seasonal Variation of the Mean Temperature

Theweekly mean temperatuf¥illustrated in fig. 4a and th&C of temperaturdlustrated in Fig. 4tshows that the Arecibo
climatology is warmer in latautumnand early winter and coldein summer throughout all altitudeBig. 5a showghe
seasonal variation of temperatusgnopticaly. Temperatug Inversion LayersTILS) presentin most of the time The
altitudes where thetemperaturgradient changes from positive to negative represented by the black crosbath Figures

4b and . The deviationsof TILs between these two figurese minor 6r most of the time. Significant differences occur
mainly in the period between Septembed @ecember. Thimversion layerqiear 92 km in late September and near 89 km
from late November to early DecemberFig. 4b vanishin Fig. 5a, meanwhile, the inv@on layer near 94 km during the
first half of Septembethangsto ~ 92 kmin Fig. 5a.lt is noted that the temperatures vary slightly from 85 to 94 km altitude
in most timefrom September to Decembéreinversion layers evaluated by finding the zertugeaof temperature gradient
in this periodare not cofident enough in case of small petiation existedtherefore, we ignore this period from September
to December when discussing about the TILs. However, thereoisienon feature thaémperature maxiom occursat ~ 97

in October and November in both figuréb and 5aTo simplify the analyis on the influences of different harmonic
components, & take Fig. 5a athe example in the following descriptions and discussiémspring, TILs occur at 96 km
from late February toApril. In summer,TILs appeart~ 91 kmfrom late May to the first half o8eptemberln winter, TILs
occur at ~g km from Januaryto the first half of FebruaryThe minimal temperature occurs near 98.5 km at most time
exceptfor the period from the second half of September to November where tustesl at ~ 96 kmThis should be the
mesopause according to the result that the mesopause is at-189 ®n level at lowatitude obtained bySABER
observationgXu et al., 200@).

Figure 5¢c shows thattie amplitudes of the AO are obviously largban that of the SAOFig. 5d shows thathe phase
(defined as the time of the maximum perturbation) of @illates in a range between day of year (D@50 and10, while
that of SAO varies letweenDQOY 110 and150. Fig. 5b shows that the mean temperatigavarmest between October and
November and coldest in Juk.secondary peak/trough occurs in April/February.

Notice that thewarmest temperatureccurs around October witkhortest observiain timeswhich reduce the confidence
level of theharmonic fit However, the observation times in both September and Noveanbdonger than 100 hours in
more than 10 nightsheyhelp to keep the confidence level of the harmonic fit. Moreovenetmpeature structue shown

in Fig. 5a agrees well with theemporal variatioa of the equatorial zonal mean temperature in the rangE085%m

observed by SABER (Xu et al., 2a)7 The amplitudes and phases of both SAO and AO observed by SABER & 20

latitudehad been showhy Xu et al.(2007) in their middle panels of Figure 10. Comparisons show that the lidar observed
phases of both SAO and AO shown in Fig.agree with those obtained by SABER in the same altitude range. The SAO
amplitude shown in Fighc agree quite wel with that observed by SABER both magnitude and vertical structure. The

lidar AO amplitude showsimilar vertical structure with that of SABER, but the magnitude of lidar AO amplitude is at least
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1 K larger than that observed by SABERhe agreementdiween lidar and SABER observatiagisesus more confidence

to use the lidar observed temperature data studying the GW activities in latter sections.

Except for the smaller amplitude of SAO oscillation in this studyptiese of SAO, thamplitude anghase of ACof the

mean temperature is consistent with a previous study by Friedman and Chu (2007) (see their Fig. 6 to 7), who used dat
collected between December 2003 and September Zadbparing Fig4b hereto the Fig. 6 in Friedman dnChu(2007),

there are somdlifferert features in these two climatology resulSor example, the temperatsrareabout 10 Kwarmerin

the winter months of December and Januarthis study The differences are causedtio reasons. The first reasomthe

much more extensive data set from year 2003 to 2017 covering a whole solar periothbesecond reason is that the
harmonic fit model is applied to weekly averages here, while it was applied to monthly averages in Friedman and Chu
(2007)

4.2 Square of the Brunt-Vdsdafrequency

The square of the Bruiasdafrequency 0 is a good indicator to characterize the atmospheric static stability. Gardner
and Liu (2007) indicated that the resultiing wasusually overestimated in this way duethe elimindgions of gravity waves

when the weekly mean temperature profiles were derived by employing data averaging. However, they pointed out that the
lower-value regions ob represented well thiewer stability of the atmosphere, i.e., the greatave dissipabns. Figure

6 and 7ashow that) is highly variablewith seasorand altitudeTake the summer months from June to Augisstxample,

Fig. 7a shows that is quite low near the bottom and theerease quickly with altitude. 18 obviously large between 87

and 92 km altitudes andecrease above It is small in the 9498 km range and turn to increase gradually near the top
boundary.The seasonal variations avbviously different everyl-km-thick rangefrom 87 to 96 km altitudeThe features

shown in Fig. 6b are momomplicated than Fig. 7a. Assuming an isothermal atmosphere with the background temperature
being 190 K, is estimated to be about 4.p 1t O which is represented largely biyet orange color in figures 6b and

7a. Therefore below about 96 kmthe regions with red coldtarger thard.7 p 11 O , indicating a positive temperature
gradient wih altitudg agreewith the TILsas expectlt showsclearlythat the TILsoccur atabout 9295 km altitude rangen
February and Marclvhile they occur at about 872 km altitude rangéhrough the summer month4. low value of GW

potential energy is expt in the region witld  being large in case that other parameteep kechanged

The fitted curve of) (average off between 87 and 97 km height) as shown in Figexhibitsa seasonal variation. The
maximum occurs in July and the minimum between OctoberNamnember, while a secondary maximum occurs between
January and Februaand a secondary minimum in Maytowever, it is noted that the seasonal variation$ ofary highly
with altitude. This 8797 km mean fitting curve cannot represent the whole festf( in this altitude range.

Figure 7c shows that thamplitudes of the ZPhonth and the -Bnonth oscillations are comparable throughout most of the
altitude range of interesthey oscillate similarly and look like sinusoids with troughs odograt altitudes ~87 km, ~ 92km,

~96 km, ~98 kmThe phasgof thesetwo componentdlustratedin Fig. 7d also show quick transitioat thesealtitudes
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4.3 Seasonal Variation of the Gravity Wave Activity

GW activity is directly manifested by the wave eme Figure9a showsthe contour plots of théarmonic fitedGW
potential energyO from lidar observationO is colouredin a logarithmic scale (log10). It can be sdbat below 97 km
altitude ‘O always reaches the maximum in equinox seasons, and mostly near spring equinox. More interesting, in equinox
seasons the pential energy decreases with altitude from the bottom to ~ 91 km and then shifts to increase with altitude in
the range from 91 to®km. However, the potential energy is quite serah the altitude rang85-95 km during solstices.

The energies are lowear 91 km throughout all the year. Above 91 km and b&dwman obviousSAQ is visible in Fig.

9a. The oscillations of potentiahergy become very weak around 97 kihe SC of potential energy illustrated Fig. 8b

shows some differenc&he seasonalariations ofO exhibit an oscillation with period of ~ 3 montas8795 altitude range

A dominant maximum occaffrom the secod half of March to the firshalf of April. Several minima occur éitme January
February, MayJune, AugusBeptember, ahNovemberDecemberThisimplies that some higher order oscillatioray also

play important role besides the AO and SARe notethis feature ofO varying withhigher oscillatiorpatternand leave it

for further discussioriWe only focus onAO and R0 in thispaper

Figure9c shows that the amplitudes of both therh@nth and the -Bnonth oscillations are comparatalemost altitdes The
amplitude of SAO becomessmallerin the altitude range 998 km It decreases to almost® C at 97-98 km. Fig. 9d
showsthatthe phase 0SAO is almost independent of altitude. It is quite close to DOY 4diDfost altitudeThe AO has

almost the same phase as &0 from 88 to 96 km altitude. Its phase shifts to the end of the year near the top edge where it
is the dominant seasonal variation.

In the altitude range 897 km, Fig. 9c shows that the amplitudes of bod® and SAO vary slightly, meanwhile,Fig. 9d

shows that the phases of b&td and SAO vary also slightly. Thereforeghe mearO averagedn the altituderange 8797

km and the corresponding harmonic fit shown in Big.canrepresent thseasonabehaviour ofO in this altitude range

well. The harmonic fit curve d® shows a combination ofAO and SAO with the maimum of 404*& C near vernal

equinox and the minimum of 264 C in the end of Novembef.he maximum is a factor of 1.5 larger than the minimum.

5 Discussion
5.1 Mesospheric Temperature Inversion Layer

We havenoticed ttat obviousTILs occur at~96 km in spring at~ 91 kmin summeyand at ~ 92 km irarly autumnThe

TILsin the upper mesosphere over Arecibo had been reported bmbhdrstudpndor studyof climatologyby using subset

of the dataused inthis study(Yue, et al., 2016; Friedam and Chu, 2007). The formation mechanism for HlLthe
mesopause regidmd keen reviewed by Meriwether and Gerrard (2004). One primary mechanism for the upper mesosphere

TIL is that upward propagating GWeach a critical level via interaction with thackground flow and/or tideShe GW
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potential energy accumulates with the waweenpressed in reaching to the critical level. Xu et al. (2009) analysed satellite
observations and showed that the DW1 tide interacted with GW leading to the damping oMébttidB and GW, the
larger the amplitude of DW1, the larger the damping. Coresgttyy the occurrence of TIL and tldecrease of the GV
areexpected at and just below the locations where DW1 amplitude is large. Climatology of WA&GQGMNations showed
that, at 28 N, both the zonal and meridional components of DW1 tide amplitudgetamye in height range 810 km
around vernal equox and in altitude range 9000 km in summer months from June to August (e.g. Fig. 10 in Smith, 2012).
These areas with large DW1 tide amplitud¢heir Fig. 10match perfectly with the TILs in Figa

5.2 Reduction of GW Potential Energy

For freely propgatingGWs, the potential energy per unit mas% (C ) should increase exponentially with altitude for the
conservation of energy. Fi§a shows that the potential energy decreases firstlythed turn to increases gradually with
altitude below ~ @ km in all seasons. Above ~7%&m, the GW potential engy enhanced significantly with altitude. This
behaviar of mean potential energy is much similar to that retrieved from satellite temperatar@dfermann et al., 2006,
see their Figures 10 and 11). The altitude ofk9m i s i n t he aweatcuirrbiotpya ucsfe Otidadseéto t wwl e
the mesopause over this s{feriedman and Chu, 200Ku et al., 200 Yue et al., 201} and is he level where the
seasonal variation of zonal winds chamgfrom clear SAO pattern to AO dominant patteerng(Li et al., 2012) This result
suggestshata possible mechanism for the GW energy dissipation the.GW dissipasor depogsenergyor momentum
below about the mesopause (or the wawrbopause defined by Offermann et alO&0 This conjecture shad betaken with
cautionBecauselte relative error in the estimatéd could reach 30% or even larger due to the statistical uncertainty of
temperatureneasuremerdt this altitude rangdut the quantdtive influence of this uncertainty on the energy increase with
altitude is hard to evaluate because the statistivagrtainty does not showm increase trend at 96800 km altitude range as
shown in Fig. 3b.ln addition, it needs point out thtte increasin@® above 97 km in spring, autumn and winter months
matches with the increasing easterly winds in thisualéi range and seasons as discussed b 3=itsection.
To learnin depththe dissipation of GW in the mesopause region at Arecibanuléplied the harmonic fittedO with the
air densitytakenfrom the CIRA-86 reference atmospherglgming et al 199Q, and averagkthe weekly profilesevery 13
weeks(period of a seasomentringat each equinox or solstice. The resulted profilethefpotential energy per unit volume
Etd in four seasonare plottedn Fig. 10. If GWs propagate upwarwithout energy dissipation, the lines of energy
per unit volume would be vertical.herefore, theoverall left-sloping lines in Figl0 indicae that thereductionsof GW
potential energy occur belowdZ km in all seasonsThe reductionof GW potential eergy in the mesosphere had been
reported by lidar observations at other latitude stations (e. g. Mzéet al., 2014; Rauthe et al Bat0&)servations of Mzé
et al. (2014) and Rauthe et al. (2008) indidatissipation of GWO throughout the mesosphere in all seasons.
The reductionof GW O indicates the deposition of GW energy and momentum into the background atmosphere, which

would lead to the increase of background temperature and/or even the occurrenceTdifisTHrives us tanvestigatethe
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relationship between theductionof GW O and the temperature structure in depth. We are excited to finceéudt profile

of the GW potential energy per unit volumé&(fd ) as shown irFig. 10 shows arapider reductionof energy at and

below the TIL altitude of the corresponding seasontarnis toa much slowereductionand/or evertonservation of energy
above. For exampdethe behaviours of the green curve (profile for winter) arouhdrf altitude the atitude of TILs in

winter), the blue curve (profile for summer) around 91 km altitude (the altitude of TILs in sumandrthe black curve

(profile for spring) aroun®7/98km altitude ¢1 km abovethe altitude of TILs in spring)Theseclose connectiaof the
mesosperic TILs with thereductionof GW potential energyrovide strong support to the mechanism that the upper
mesosphere TIL formed due to the interaction of GW with the upper mesospheric wind/diurnal tides through critical level
effects Fromother point of view, the strong gradient change in the seasonal mean profiles of GW potential energy per unit

volume should benducel strongly by thénorizontal wind field in this region.

5.3 Seasonal variations of GW Potential Energy

We point out a serramual cycle of GWO with maximum in spring and minimum in summer and a second maximum in
autumn and a second minimum in winter in the altitude rang@78Kkm. The maximum of the G\@ alters to autumn

below 87 km and above 97 km altitude. Thessults gree with the observations at other #atitude statios. Gavrilov et

al. (2003) studied the GW seasonal variations by using Meé&iaguency (MF) radar observation over Hawaii°(22
160°W). They found a semiannual variation of GW with the maximintengty at the equinoxes above 83 km, the mean
zonal wind had also a mainly semiannual variation in this altitude range. The seasonal variations of GW activities at low
latitude stations are different to those obtained from lidar observations atlatthete stations in the upper mesosphere
(Mzéet al., 2014; Rauthe et al., 2006, 2008). Rauthes et al. (2008) provided the seasonal variatior® ait@gfation of

54°N latitude by using a-§ears of lidar temperature observations from 1 to 195 khey shaved an annuallominated
variation of GWO with the maximum in winter and the minimum in summer in the mesopause region. Mzéet al. (2014)
reported a serrannual variation of GV with maxima in winter and in summer and minima durihg equinoxes ithe

upper mesosphere (~75.5 km) by using Rayleigh lidar observations from 1996 to 2012 datitudel station £44°N).

They showed that the maximum ‘©f was about 1448 C on average at 75.5 km in August while the minimun©ofs

about a factoof 2.5 smaller than the maximum. The ratio between the maximum and the minimum is obviously larger than
that of 1.5 in the altitude range-87 km at Arecibo.

The cause dfhe observedeasonavariations of GW activities in the @sosphere was discussed by several autBorsthat

is often concernet theinfluence of critical levefiltering of GW by the background wind (Lindzen, 1981, Yue et al., 2005)
Gavrilov et al. (2003) had attributettheir observed semiannual variatioh @W intensity b the dependence of GW
generation and propagation déme background wind and temperature by numerical simulatibns. midlatitude station
Juliusruh (58N 13°E), Hoffmann et al(2010)reported a semiamal variations of GW activityn the upper mesosphere

and lower thermosphengith maxima in winter and summer and minima duringiegxes by using MF radar measured
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winds. This seasonal dependence is asslunte be mainly due to the filtering of GW by thackground wind in the
stratosphere and lower mesosphdirés not always the cas®authe et al. (2008) did not find a direct correlati@tween
the strength of the GW activity and the background winéadtiion and/or wind speed taken frdBuropean Centre for
MediumRange Weather Forecastsalysis.

Here we also want to check the relation between our observed GW activity and the witidndined/or wind speeome
scientific literaturs reportedstudies aboutseasonal variationf mean zonal windh thetropical mesopause regidiseee.g.,
Fig. 3 in Garcia et al. 199Fig. 1 in Li et al., 2012Fig. 3 in Smith 2012)The monthly mean HBI equatorial zonal wind

showed that, the easterly winds were pil@wgin equinoxes seasons near 80 km altitude. They then decreased with altitude

from 80 km above and turned to increase above ~ 92 km, while the westerly winds prevailed in the ‘hgenda
solstice seasons, they then edimo be easterly. the reksal is at about 95 km (Smith, 201Zhe zonal winds observed by
meteor radar at a nearby site Maui (20.7N, 156.4%W) (see figure la in Li et al., 2012) showed further thastieey
winds prevailed throughout the-800 km altitude range in the summmaonths from May to Augusthis provides usthe
opportunityto compare ou6W O climatology shown irFig. 9awith themean zonal windlimatology shown irthe Fig. 1a

of Li et al. (2012)or theupper panel of the Fig.3 in Smith (20XsBason to seas@amdaltitude to altitude. Here wi®cus on
the altitude range 8500 km.

Firstly, the mean zonal winds ¥®a dominated5AO with westerly winds prevailing in solsécseasons and eady winds
(or weak westerly windsprevailing in equinoxes seasons, meanwhile, W O has aSAO with minima in winter and
summer andmaxima diring equinoxesSecondly, lie easterly wind aremuch larger (or the westerly winds are much
smaller)in the altitude range 895 kmaround vernal equinox tharound autumn equinox, which corresponds to the fact
that the magnitude of GW in springis significantly greater than that in autumn. Tb@relationis also ‘erified by the
fitted curve in Fig.9b. The maximum o0 at vernal equinowith a value 0f404*& C is afactor of1.3 largerthan the
secondmaximumof 319*& C at adumn equiox. Thirdly, thelargest westerly winds near 90 kmJunematches perfectly
with the minimal O at almost the same altitude aathlmost the saméme. Fourthly, the decrease oéasterly winds with
altitude near 85 km during equinoxes ixardance to the strong but decreasing GWith altitude in almost the same
altitude range and seasofRd#thly, the transitionof mean zonal windfom decreasing westerly windis increasiry easterly
winds above 96 kimbefore middle April and Afteduly corresponds well with the incréag O in the same altitude range
and seasond hese ive features provide strong evidence toimdeed pronounced a@lation between thilmcal mean zonal
wind field and thelidar observedGW O . This corelation agree perfectly with theconnection of wind and GWih the
middle atmospherdemonstrated by Lindzen (1981}t means thathe seasonal variations of the GW activity in the MLT
region at this site is determined by #eective filtering of GWs bthe strong tropical zonal wind SAO at the sawgion.

It is noted that the GWEIRcreases instead of being constant ailitude as expected for freely propagating linear waves
above 8 km in Spring andabove 96 km iPAutumn as showtrin Fig. 10and Fig.9a We notice that the corresponding

regions ofincreasingGWEP enhancement with altituda Fig. 9a associated well withe regions of increasing zonal wind
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shearq(in magnitudg in Figures la and 1bf Li et al. (2012),which suggests that conversiohanergycontained in the
mean windinto the energy of perturbation duette increasing dynamical instdity should be a most possible reason for

the enhancement of GWERar 100 km altitudan equnox seasons

6 Summary and Conclusion

The first complée rangeresolved climatology of potential energythe tropical mesopause region is present using Itk yea

long nocturnal temperature measurements by the K Doppler lidar over the Arecibo Observatory. The mean tefyperature
the square of the Bruia sdafrequency 0 and the potential energy of perturbas@ssociated witlGWs are estimated
with high aceiracy and resolution from the temperature dakee main characteristics of the observations are as follows.

1. MesospheridILs occurin the alttude range 9®5 km inmostmonthsexceptfrom Septembeto December

2. The GWpotential energyper unit volume (intd ) reducesin the altitude range 897 km in all season<Close
relationship exists between threduction of GW potential energy ral the TILs. This provides strong support to the
mechanism of the TIL formation inéhmesopause region.

3. The seasonal variations of GW potential enesgpw clearSAO at most altitudes. The maxima occur in spring and
autumn and the minima occur during/tices.AO and some high order oscillati®still play important rolesThe harmonic
fitted GW potential energwith the annual mean plus t#eg and SAO is compared to th&LT wind field in the tropical
regionas published byi et al. 012 and Smith 2012), There is indeed a pronounced altitudinal and temporal correlation
between themThis suggests that the seasonal variation of GW acsbhiould bedeterminedmainly by the local windield
through thenfluence of critical level filtering of GW byhe bakground wind

4. The GWEP increasesear 100 km latitude in equinox seasdmstead of being constant with altitude as expected for
freely propagating linear waveghis most possibly caused by the conversion of enewgiained in the mean wiridto the

energy of perturbations due to dynamical instability.
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Table 1. Arecibo K lidar temperature data used in this study (Days/Hows) by month.

month

Jan.
Feb.
Mar.
Apr.
May
Jun.
Jul.
Aug.
Sep.
Oct.
Nov.
Dec.

Total

Total
D/H2
32/259

12/102

20113

22/152

6/40

9/63

18/114

18114

14/109

4/28

18/155

27/198

2004
D/H
4127

2/9

1/5

2/12

3/21

6/41

7146

1/5

1/2

1/5

2005
D/H

5/33

10/74

14/103

2/18

2/16

1/8

4127

6/41

3/23

5/46

4/30

2006
D/H
4/44

3/16

2/10

1/9

2/11

4/36

4/31

2/19

2001470 2873 56/419 22176

2007 2008 2009
D/H DH D/H
2/14  6/34
4/30 1/4 3/19
1/8 2/12
1/1
5/26 5/30
1/6  2/10
1/8
1/9
6/42

7/50 16P0 18/113 7/6Z

2010 2015 2016

D/H DM
4/35

4/34
327 3/36

D/H
7/62

4/38

3/25

2/14

3/24

3/33

5/39

2D/H stands for Days/Hour8;0bserved in 2003 Including the observati@nin 2003.

18

2017
D/H
5/43

3/31

1/8

7170 27/235 9/82



Table 2 Parameters of mean temperaturetemperature variance, squared BruntVaisdafrequency and potential energy averaged
between 87 and 97 km.

Annual Amplitude Phasgday9g RMS
Mean 12-month  6-month  12-month 6-month  ResidualA

Mean temperature (K) 188.7 3.6 1.8 -34 -57 5.5
I (10%s? 4.37 0.09 0.12 160 22 0.37
Potential Energy (Jkg?) 351.8 55.9 42.1 119 -89 141.6
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Figure 1: Local time coverage of the used temperature data observed by theBoppler lidar at Arecibo from December 2003 to
January 2010, and from November 2015 to April 2017.
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Figure 2: lllustration of data processing for temperature on 18 December 2003: (a) kdar measured temperature with0.9 km and

30 minutes vertical and temporal resolutios, respectively; (b) linear trend of temperature in time; (c) temperature perturbations
after removing the linear trend in time; and (d) temperature perturbations after removing the linear trend in time and the vertical

mean.
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Figure 3: (a) Individual temperature deviation profiles on 1819 December 2003. In addition, the mean statistical uncertainties of
the measurements (red solid line) andhe mean fluctuations at every altitude (black solid line) are shown(b) relative error of

potential energy atevery altitude due to statistical uncertaintyin temperature measurement
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Figure 4: (a) the weekly mean temperature profiles in the mesopge region at Arecibo.(b) temperature climatology obtained by

first applying a harmonic fit to the data shown n (a) and adding the residuals smoothed by using a hamming window with lengths
of 4 weeks in time and 2.7 km in verticatlimension.
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Figure 5: (a) Seasonal variations othe harmonic fitted nocturnal temperature plotted versus altitude and month,the crosses
represent thealtitude of temperature inversion layer, (b) observed (dotted curve) and harmonic fitted (thick solid curve)mean

temperature between 87 and 97 kmthe width between the thin solid curves and the thick solid curve isstandard error (

) (©)

12-month (dashedcurve) and 6-month (dotted curve) amplitudes andtheir 1 deviations (thin lines)(d) 12-month (solid curve)

and 6-month (dotted curve) phasesand their 1  deviations (thin lines)
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Figure 6: same as Figure 4 but foe!
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5 Figure 7: (a) Seasonal variations ofhe harmonic fitted squared Brunt-Vasdafrequency 4 plotted versus altitude and month, (b)
observed (dotted curve) and harmonic fitted (thick solid curve)neand between 87 and 97 kmthe width between the thin solid
curves and the thick solid curve is 1, (c) 12month (thick dashedcurve) and 6-month (thick dotted curve) amplitudes andtheir

1 deviations (thin lines), (d) 12month (thick dashedcurve) and 6month (thick dotted curve) phasesand their 1 deviations

10

(thin lines).
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Figure 8: same as Figure 4 but fothe GW potential energy.
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Figure 9: (a) Seasonal variations ofhe harmonic fitted potential energies plotted versus altitude and month, (bdbserved (dotted
curve) and harmonic fitted (thick solid curve) mean potential energy between 87 and 97 knthe width between the thin solid
curves and the thick solid curve is 1, (c) 12month (thick dashedline) and 6-month (thick dotted line) amplitudes andtheir 1
deviations(thin lines), (d) 12-month (thick dashedline) and 6-month (thick dotted line) phasesand their 1 deviations (thin lines)
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