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Abstract: The existing distribution of meteor radars located from -high
low-latitude regionsprovides a favourable temporal and spatial coverage for
investigating the climatology of the global mesopause densithis study, we report
the climatology of the mesopauserelative density estimated using multiyear
observations frormine meteor radagtsnamely the Davis Station(68.65, 77.9E),
Svalbard (78.3N, 16E) and Tromsg (69.6N, 19.2E) meteor radartocated at high
latitudes the Mohe (53.5N, 122.3E), Beijing (40.3N, 116.2E), Mengcheng
(33.4N, 116.6E) and Wuhan (30.5N, 114.6E) meteor radar$ocated in the
mid-latitudes and the Kunming (25.6N, 103.8E) and Darwin (12.35, 130.8E)
meteor radars located at low latitudes. The daily nmekative density was estimated
using ambipolar diffusion coefficientglerived from the meteor radars and
temperatures from the Microwave Limb Sounder (MLS)boardthe Aura satellite.
The seasonal variationia the DavisStation meteor radarelative densities inthe
southern polar mesopauaee mainly dominated by amnnual oscithtion (AO). The
mesopauseelative densities observed by the Svalbard and Tromsgmeteor radars at
high latitudesandthe Mohe and Beijing meteor radars at high +atitudesin the
Northern Hemisphere showmainly an AO and arelatively weak semiannual
oscilation (SAO). The mesopauselativedensities observed by the Mengcheng and
Wuhan meteor radars at lower mfaditudes and the Kunming and Darwin meteor
radarsat low latitudes showmainly an AO. The SAO is evident ithe Northern
Hemisphergespeciallyat high latitudes, ands largest amplitudewhich is detected
at the Tromsgmeteor radans comparable to the AO amplituglel hese observations
indicate that the mesopauselative densities ovethe southern and northern high
latitudesexhibit a clear seasonal asymmetry. The maxima of the yearly variations in
the mesopauseelative densitiesdisplaya clearlatitudinal variation across the spring
equinox as the latitude decregsthese latituohal variation characteristcmay be
related to lattudinal changesnfluenced bygravity wave forcing. In addition tan AO,

the mesopauselativedensities over low latitudes also clearly shamvintraseasonal

variation with gperiodicity of 3060 days
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1. Introduction

The temperatures, winds and densitiestie mesopause region are essential for
studying the dynamics and climate, includibgth shortterm wave motionge.g.,
gravity waves, tides, and planetary wgvasd long-term climatevariations (e.qg.,
interannuablariations, seasonal variations and intraseasonal varigtwithe middle

and upper atmospherdhe climatology ofthe temperature and windvithin the
mesopause region has been studied for decades using -dpased instrumentsuch
asmeteor radars, ndgum-frequency (MF) radars, lidars (Dowdy et al., 2001; Dou et
al., 2009; Li et al., 2008; 2012; 2018; Li et al., 2015) and satellite instruments (Garcia
et al., 1997; Remsberg et al., 2002; Xu et al., 2007). It is well established that the
semiannual osttation (SAO) dominateshe seasonal variations in both thend and

the temperature in the lovatitude mesosphere (Li et al., 2012), whereasatiaual
oscillation AO) dominatesthe seasonal variatianin the mid- and highlatitude
mesospher¢Remsberget al., 2002; Xu et al., 2007; Dou et al., 2009). Howewer,
contrast tdemperature and wind observations, ksagn continuous measurements of
the atmospheric density ithe mesopause region are still quite raae a resultthe
seasonal variatioria the mesopausespeciallywith regard to itglobal structurgare

still unclear.

Meteor radaoperates both day and night under all kinds of weather and geographical
conditions and provides good lotgrm observations; consequently, meteor raslar
powerful technique for studying the dynamics and climate of the mesopause region,
including its wind fields and temperatures (e.g., Hocking et al., 2004; Holdsworth et
al., 2006; Hall et al., 2006, 2012; Stober et al., 2008, 2012; Yi et al., 2016; LUee et a
2016; Holmen et al., 2016; Liu et al., 2017; Lima et al., 2018; Ma et al., 2018). In
addition toacquiringwind and temperature measurements, meteor redaisobeen
appliedin recent yearso estimatehe atmospheric density ithe mesopause region

For instance,lte variationin the peak height of meteor radar detections can be used to
estimate changes the mesopauseensity (e.g., Clemesha and Batista, 2006; Stober
et al.,, 2012, 2014; Lima et al.,, 2015; Liu et al.,, 2016). However, the seasonal
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variationsin the peak heighare not affectedby the atmospheric densigjone; they
arealso significantly influenced by the propert@smeteoroidsespeciallythe meteor
velocity (Stober et al., 2012; Yi et al., 2018Burthermorethe mesospheric dsities
canalsobe estimated frormeteor radaderivedambipolar diffusion coefficientand
the mesospherictemperaturescan be derivedfrom other measurements (e.g.,
Takahashi et al., 2002; Yi et al., 2018bherefore, m this study, we apply ambipolar
diffusion coefficients derived from a global distribution of meteor raieasidition to
temperatureaneasurements simultaneously obtainedh®Microwave Limb Sounder
(MLS) on board theAura satellite to determine the mesopausiative density. In
addtion, long-term observations of global atmospheric densdresised to study the
latitudinal and seasonal variations ihe mesopause regiorDescriptiors of the
instrument datasetshe method, andhe error estimatiorapproachare presented in
section 2. The, the seasonal variationsy the mesopause density are presented in
section 3, followed by a compositnalysisin section 4.Finally, a summary is

provided insection 5
2. Data and methods

In this study, data from nine meteadars namelythe Davis Station (68.65, 77.9E),
Svalbard (78.3N, 16E), Tromsg(69.6N, 19.2E), Mohe (53.5N, 122.3E), Beijing
(40.3N, 116.2E), Mengcheng (33.4N, 116.5€), Wuhan (30.6N, 114.4E),
Kunming (25.6N, 108.3E), and Darwin (12.35, B0.5E) meteor radarghereinafter
referred toas DMR, SMR, TMR, MMR, BMR, McMR, WMR, KMRand DwWMR,
respectively)were used. Table 1 summarizes the operatifvaquencies, geographic
locations and observational time periods for the meteor sadsd in this study.
These meteor radars all belong to the ATRAD meteor detection radar (MDR) series
and are similar to the Buckland Park meteor radar system described by Holdsworth et
al. (2004). Figure 1 shows the locatsoof thesenine meteor radars. ie SMR and

TMR arelocatedin the northern high latitudesvhereagthe MMR, BMR, McMR and

WMR are positioned inthe northern midatitudes andthe KMR is situated inthe
northern low latitudedn contrastwe have onlytwo meteor radarsiamely,the DMR
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locatedin the southern high latitudes and the DwMRuated inthe southern low

latitudes in the Southern Hemisphere because it is covered primarily by oceans
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Figure 1. The locatios of the meteor radars used in this study.

The ambipolar diffusioroefficient O,) observed bya meteor radar describes the rate
at which plasma diffuses in a neutral background and is a functidsotbfthe

atmospheric temperatur”Y ard theatmospheric density’, as given by

" = 223x 10 400%5, 1)

where vy is the ionic zerdield mobility, which is assumed to be
25x 10 *& 2i 'w ! (Hocking et al., 1997). Using the relation given by equation
(1), measurements of the temperature Bpdfrom meteor radarcan be used to
retrievethe neutral mesospheridensity (see, e.g., Takahashi et al., 2002; Yi et al.,

2018b).
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Table 1. Main operation parameters, geographic coordinates and observational time
periods for the meteor radars used in this study.

Meteor radar | Geographic Frequency Data used irthis
coordinates study
Northern Svalbard 78.3N, 16E 31 MHz | 2005.0%2016.12
hemisphere (SMR)
Tromsg 69.6N, 19.2E 30.3 MHz | 2005.012016.12
(TMR)
Mohe 53.5N, 122.3E 38.9 MHz | 2011.082018.04
(MMR)
Beijing 40.3N, 116.2E 38.9 MHz | 2011.012018.04
(BMR)
Mengcheng | 33.4N, 116.5E 38.9 MHz | 2014.092018.04
(McMR)
Wuhan 30.6N, 114.4E 38.9 MHz | 2012.162017.08
(WMR)
Kunming 25.6N, 108.3E 37.5 MHz | 2011.042014.12
(KMR)
Southern Davis (DMR) | 68.65, 77.9E 33.2 MHz | 2005.012016.12
hemisphere Darwin 12.33, 130.5E 33.2 MHz | 2006.0:2009.12
(DWMR)

The MLS instrument on board the Earth Observing System (EOS) Aura spacecraft
was launched in 2004or this investigation, thAura MLS temperature (Schwartz et

al., 2008) and geopotential height dé&tarsion 4) were restricted to data obtained
within a 10°x20°bounding box centedon each ofthe abovementionemheteor radar
locations. Geometric heightsz for Aura MLS observations wereomputed from

geopotential heightsig via the equationd= GgYo " [Yo!  &d ! (Younger et

al., 2014) where Yo I is theradius of Earth at latitudé, based on the WGS84
ellipsoid (Decker 1986. The daily averaged MLS temperature agyatmetric height
observations were interpolated into 1 km bins between 85 and 95 km to produce
temperature prdes.

In this studyjn order to avoid the possibility of excessive error in the height estimates
of individual meteors, trail detections for this stwdgre restricted to zenith angles of
less than 607 All meteor radars in this study transmit a 3.6 km long, 4 bit

complimentary coded pulse withpalse repetition frequency (PR&% 430 Hz, sahe
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meteor radar rangsamplingresolutionis 1.8 km (Holdswott et al., 2008). Witlthe
criterion of zenith<60, the meteorheight estimate uncertaintfrange sampling
resolutiorxcos(zenith))should beless thantl km. The daily neutral mesospheric
densities from 85 to 95 km were estimated using the daily rdgdrom the nine
meteor radars and the Aura MLS temperatures using equation (1), more details are
described by Yi et al. (2018b). Yi et al. (2018b) showed thatlage, Q;, profiles
derived from meteor radars are approximately linear with respect to ithdeain the
range from 85 to 95 km, which indicates that mainly ambipolar diffusion governs the
evolution of meteor trails in this region. In general, tbg,;oQ;, profiles measured by
meteor radars have larger slopes than those derivedJoamding othe Atmosphere
using Broadband Emission RadiometrSABER) (Yi et al., 2018b) and MLS
(Younger et al., 2015) measurements. To avoid the influence of the lgsimthe
present study, we use the relative variation in the density to examine the clgyatolo

of the global mesopause density.

R T T T T A S
=== January 1, 2006, 33 MHz {
January 1, 2006, 55 MHz |
105 ¢ === July 1, 2006, 33 MHz
—July 1,2006, 55 MHz

100 5
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() Relative variation of Da @ 90 km
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Meteor count rate Corr. Coet

Figure 2. (a) The height distributiaof meteor detections in 1 km bins on January 1
and July 1 in 2006 frorthe 33 MHz and 55 MHz meteor radaas Davis Station(b)
Height variation in the correlation coefficient between th®, observed
simultaneously byhe 33 MHz and 55 MHz meteor radaas Davis Stationn 2006
Theerror bars indicate the lower and upper bourfdtie 95% confidence interval for

each coefficient. (cComparison othe variatiors in the daily meanD, (blue dots) at

7



10

15

20

25

90 km simultaneously observed frahe 33 MHz and 55 MHz meteor radaasDavis
Stationin 2006. The percentage variatiand, with respect to the yearly meé@n in
2006. Nrepresentshe number of days sbrved by these two radars in 20@6dR

denotegshe linear correlation coefficient.

There is an uncertainty ilD, caused by the estimation tife decay time of meteor
echoes (e.g.Cervera and Reid2000; Holdsworth et al., 2004unfortunately,this
uncertainty is quite difficult to estimate from the radar system directly. In additien,
number ofprecise simultaneouly observedemperature and density measurements in
the studyregion is insufficient to estimate the absolute error ‘Q; through a
comparisonYi et al. (2018b) compared simultanealservations ob, acquiredby

two colocated meteor radsuat Kunmingand found that the relative errorsn the

daily meanD, andthe density at 90 km obtained from th&IR should be less than 5%
and 6% respectively. Hergto estimate theelative errors in'Q; and the densitywe
conduct a similar approach using simultaneous meteor echoes observed by two
co-located meteor radars with different frequencies (33 MHz and 55 MHz) at Davis
Station. Tke 33 MHz and 55 MHz meteor radars at Davis Station are described in

related studies (see, e.g., Reid et al., 2006; Younger et al., 2014).

Figure 2a shows the height distributsaf meteor detections in 1 km bins on January
1 and July 1 in 2006 for the 33 MHz and 55 MHz meteor raataldavis StationThe
meteor count observed by the 55 MHz meteor radar is much lowethiaobserved
by the 33 MHz meteor radar because theformer is a
mesospherstratospheréroposphere (MST) radaoperating with time-interleaved
stratospher¢roposphere (ST), meteor, apdlar mesosphere summer echdeis|SE
modes (seeg.g., Reid et al., 2006). Figure 2bhowsthe correlation coefficients
betwea the 'Q; observed simultaneously by the two-located meteor radars from
85 to 95 km. The correlation coefficients are higher than 0.96 below 9ardthey
become lower as the altitudiecreasesabove 92 kmthis occursmainly because the
meteor counfas shown in Figure 2a@ptainedby the 55 MHz meteor radar above 92

km is too low to provide a good precision . The strong correlation between the
8
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D, measurements frommetwo independent meteor radars indicates that the vargation
in D, are dominated by the same geophgbki@riations {.e., gravity waves, tides and
planetary wavesirom below as well aby disturbances by geomagnetic forcing from
above (Yi et al., 2017, 2018a) rather tHanrandom systemic errgrgherefore the
difference between the twid, measurements is considered to be representative of the
relative uncertainty i, .

Table 2. The relative uncertaintiesn D, and the density from 85 to 95 km

Altitude (km) 85 (86 |87 (88 (89 (90 (91 92|93 |94 |95
Relative uncertaintie| 3 |2 2 |2 2 |3 |4 |6 11 |18 |24
in D, (%)

Relative uncertaintie| 4.2 3.6|3.6/3.6(3.6|4.2|5.2(6.7|11.4|18.2|24.2
in thedensity (%)

The MLS temperature has an accuracy-8fK from 316 hPa to 0.001 hPa (Schwartz

et al, 2008) The vertical resolutioof MLS measurementsear mesopause region
(about 90 km) is ~8 km. This may introduce &ias between theinterpolated
temperatures and the actual mesopause temperatures because refvettsal
temperature gradient in mesopause region. In order to estimate the uncertainties
caused by the temperature interpolatiome also compared the relativéhe
interpolated MLSemperatures between the SABER(nding of the Atmosphere using
Broadband Radiontsy) temperaturesover the Mohe meteor radafhe relative
uncertainty in the density induced by timerpolatedMLS temperature uncertainty
would be less thaB% based on the present valu€mprehensive consideration,
table 2 shows a summary of the relative uncertaimtiéise density from 85 to 95 km.
Therelativedensity uncertaintieare less than 6%elow 92 km and become larger as

the altitude increases above 92 km. Howewurder realworld conditions the meteor
couns from the nine meteor radars used in this study are much larger tharirtmse

the 55 MHz meteor radaand henceit is reasonable to believe that the uncertainties

in the relative densityabove 92 km would be lower than this estimate5%. The
density scale height near 90 km owbe Mohe meteor radar is approximately 6 km,
which means an increase of 1 km in geometric height would correspond to a density

decrease of approximately 17%, which may indicate that the relatively uncertainty of
9
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the dengy estimationis much smaller than 1 km.

3. Seasonal variationsn the globalmesopauseelative density

Figure 3 shows the monthly mean mesopae$ative densities inthe southern polar
region derived from the DMR and the northern polar region derived from the SMR
and TMRbetweer?2005and2016. Asshown inFigure 3a, the DMRelativedensities
aredominaed by anAO with a maximum durindghe spring and a minimum during
the early winter. The annualariations in the DMR relative densities are
approximately 65% of the mean densi¥punger et al. (2015) developednavel
technique using meteor radar echo decay times from the DMR to determine the height
of a constantensity surface in the mesopause region and fthetdhe height of the
constartdensity surfacés also dominadby anAO. In the northern polar region, the
SMR relative densities mainly show an AO amdelatively weak SAO with a clear
maximum duringthe spring. However, the minima of the SMBlative densities are
not as regular as the DMRelative densities, andhey appearapproximately during
the summer and winter. The TMRelative densities mainly show an AO and SAO
with a clear maximum durinthe spring and two distinct minima durirtge summer
and winter. As the SMR and TMR aretime northern polar region, the SMR and TMR
relativedensities show a similar annual variatitiwever, the semiannual variations
in the TMR relative densitiesare more obvious tharthose of the SMRrelative
densities.

To further examine the periodicities present in the mesopeelaéve densities
derivedfrom the meteor radars, Lorficargle periodograms were calculated for the
entire observational period tdfedensities in each 1 km bin from 85 to 95 km. Figure
4 shows the contosrof the LombScargle periodograms of the mesoparedative
densitiesobtainedfrom the DMR, SMR and TMR. The periodograms of the DMR
relativedensities in Figure 4areclearly dominatéd by anAO as well as aelatively
weak SAQ the lagest amplitude ofhe AO appears at 87 kmyhere it is20% of the
mean DMRdensities. The periodograms of the Siviative densities mainly show

an AO and SAOandthe amplitudes of the AO and SAO at 90 km are approximately

10
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12% and 8% respectivelyof the mean SMRdensities. The TMR mainlghowsan

AO and SAOandthe amplitudes of the AO and SAO at 90 km are approximately 11%
and 10% respectivelyln addition toan AO and SAO, the northern polar mesospheric
densities fromthe SMR and TMR also exhibitlear seasonal periodicities with

quastl20-dayandquast90-day oscillations.

(a) DMR (68.6° S, 77.9° E)
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Figure 3. Variationsin themonthly mearrelative densites at altitudes from 85 to 95

Year

km obtained from the DMR, SMR, and TMsetween2005 and 2016. Thecolour
bars indicate the percentage variationthe monthly mean densitielative to the

mean density from the total observational time period.
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lines represent the 99% significance level.
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Figure 5. Same as Figure, dut for the MMR, BMR, McMR and WMR monthly

meanrelativedensities.

Figure 5 shows the monthly mean mesospheelative densities at northern
mid-latitudesderived from the MMR, BMR, McMR and WMR. The MMR monthly
mean relative densities (Figure 5a)from August 2012 to April 2018 at higher
mid-latitudes clearly showboth an AO andan SAOQO; the AO clearlyreaches a
maximumin the spring (April), whereasthe SAO shows two distinct minimane
clearly appears ithe summer above 90 km, and another clearly appedheivinter
below 90 km. Ashown inFigure 5b, the BMR monthly meaglativedensities from
January 2011 to April 2018 showainly an AO with a maximum durinthe spring
and a minimum duringhe summer. The McMR monthly mearlative densities

(Figure 5c)from October 2014 to April 2018 show seasonal variatsamglar tothose

13
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exhbited bythe BMRrelativedensities with a clear minimum duritige summer and
a maximum duringhe spring. As shown in Figure 5d,he WMR monthly mean
relative densities from October 2012 to September 2017 gnawmly an AO with a
maximum duringhe late winter and a minimum durirtge summer. As the WMR is
located close to the low latitudes, the annual variatiotise WMR relativedensities
are much smaller than those ihe densities observed by meteor radarsigh

latitudesand higher midatitudes.

L),
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= O A
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O =W s W

120 182.5
Period (day)

Figure 6. Same as Figure 4, but ftne MMR, BMR, HMR and WMR daily mean

relativedensitiesn the mid-latitudes.

Figure 6displaysthe contous of the LombScargle periodograms of the mesopause
relative densities fromthe MMR, BMR, McMR and WMR. The MMRrelative
densitieqFigure 63 showmainly an AO and SAQthe amplitudes othe AO reach a
maximum at 87 kmwhere theamplitudeis approximately 8%of the MMR mean
densities while the amplitudes ofhe SAO are larger thathoseof the AO above 90
km with a maximunthat isapproximately 7%of the MMR mean densities at 93 km.

The BMR and McMRrelativedensitiegFigure 6b and Gaespectivelyshow similar

14
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periodogramsthey exhibitmainly an AO and aelativelyweak SAO.In contrast, he
WMR relativedensitiesare dominated by af\O above 89 kmhowever, below 89 km,

theyshowbothan SAO andanAO.

(a) KMR (25.6°N, 1083°E)
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Figure 7. Same as Figure, 3ut for the KMR and DwWMR monthly mearlative

densities at low latitudes.

Figure 7a shows the KMRnonthly meanrelative densitiesin the northern low
latitudes from April 2011 to December 2014. The KM&ative densities show
mainly an AO with a maximum durinthe winter and a minimum durinthe summer.
Figure 7b shows the DwMRelativedensities at southern low latitudes from January
2006 to June 2009. The DwMRlative densitiesexhibit a large data ggphowever,
the datastill providethe opportunityto investigatehe climatology of the mesospheric
density at southern low latitudes. The seasonal variafiorthe DwWMR relative
densities are more complicated ththnsein the KMR relative densities and clearly
show intraseasonaliv(th a periodicity of 3060 days)oscillations. To more clearly
examine the seasonal variatiomsthe mesospheric densitjeBigure 8 shows the
Lomb-Scargle periodograsof the KMR and DwMRrelative densities. The largest
component of the KMRelativedensities imn AO above 87 km, follwed byan SAO,
a 90-day oscillation andh 60-day oscillation below 87 km, the SAbecomesgnore
obvious in the KMRrelative densities,which canalso be seein Figure 7a. The

DwWMR relativedensities shovboth anAO andan SAO above 92 km. In addition to

15
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seasonal variations, the DwMfRIative densities als@xhibit broadoscillations with
periodicitiesrangingfrom 30 to 60 daysthese periodic variations may banilar to

intraseasonal oscillations (Eckermann and Vincent, 1994).

(a) KMR
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Figure 8. Same as Figure 4, but fdhe KMR and DwMR daily meanrelative

densities at low latitudes.
4. Composite analysis for the global mesopauselative density

In the results described aboveie presented the yetryear variability in the
climatology of the global mesopauselative density. To better appreciate the
latitudinal changes of the seasonal variatiomghe global mesopauselativedensity,

we show a composite analysis for the nine meteor radar measuremeéigsre 9

For this composite analysis, wirst combinethe nine meteor radaelative densities
into a single year and then use a -8@y running average to obtain the seasonal
variationsin the global mesopauselative density. Asshown inFigure 9, several
distinct featuresare present in the climatology of the global mesoparsative

density.

It is clear that the seasonal variationsthe mesopauseelative densitiesexhibit
latitudinal differences The seasonal variations the mesopauseelative densites
obtained from the SMR and TMR at northern high latitudes and the MMiRyladr

northern midatitudesare similar they displaya primary maximum aftethe spring

16
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equinox and a minimunduring the summer. In the northern midtitudes the
mesopauseelatve densities from the BMR, McMR and WMRXxhibit similar
seasonal variationsith a strong maximum nedne spring equinoxa weak maximum
beforethe winter solstice, and a minimurnuring thesummer. Asshown inFigure 9,

the most noticeable feature is tiia¢ temporal evolution of the maximum mesopause
relativedensity shifts as the latitude changesr instancethe phase of the maxim
shifts from spring (May) to winter (Jarary) across the spring equindsom the high
latitudes to the low latitudes ithe Northern HemispherdReferringto the recent
studies by Jia et al. (2018) and Ma et al. (2018), a similar featagalso present in
the zonal mean winds simultaneously observed by the MMR, BMR, McMR and
WMR at northern midatitudes they reported tht the zonal winds above 85 km
generally exhibit an annual variation with a maximum dutiregsummer (eastwarg)
andthey further demonstrated thiée wind shiftsi(e., the zero zonal wind) nedne
spring equinox. In addition, based on their results,also find that the phase of the
maximum in the zonal wind also shifts as the latitude decreases; meanwtel¢ime

at which the zonal wind shifts also demonstrates a transitimss the spring equinox
from the MMR to the WMR, which is similarto the observedmesopauseelative

densitesshown in Figure 9.
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Figure 9. Contous of the composite 3day running mean values of the mesopause
densities in the composite year frahe north pole tathe south pole observed by the
(a) SMR, (b) TMR, (c) MMR(d) BMR, (e) McMR, (f) WMR, (g) KMR, (h) DWMR,
and (i) DMR. The dashed lines indicatee spring and autumn equinoxes attn
summer and winter solsticeBhe colour bars indicate the percentage variatiorthe
30-day running mean densitglativeto themean density from the total observational

time period.
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