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Abstract. Long-term data available from Lidar systems lo- Keywords. Meteorology and atmospheric dynamics (mid-
cated at three different locations namely S&o José dos Candle atmosphere dynamics)

pos, Brazil (23.2S, 45.8 W), Gadanki (13.5N, 79.2 E)

and Reunion (208S, 55.5 E) have been used to inves-

tigate the long-term variations like Annual, Semi-annual,

Quasi-biennial, El Nino Southern Oscillation and solar cy- 1 Introduction

cle. These oscillations are also extracted from simultaneous

satellite borne measurements of HALogen Occultation Ex-IN recent days, climate change is posing unprecedented se-
periment (HALOE) instrument onboard UARS and SABER rious challenges that society has ever faced. There is now
onboard TIMED over these stations making largest time se-2n overwhelming consensus that human activities have been
ries covering the entire middle atmosphere. A good agreedffecting the composition of Earth’s atmosphere. The scien-
ment is found between the LIDAR and satellite-derived am-lific facts are clear —recognised by the Nobel Prize in 2007 —
plitudes and phases between 30 and 65 km altitude, whichhat phase of climate change is accelerating and it is endan-
suggests that satellite measurements can be used to invesg@i€ring our safety and economic development. Over the last
gate the long-term trends globally. Latter measurements aréree to four decades significant progress has been made in
extended to 80 km in order to further investigate these oscil-observing, understanding and to some extent predicting the
lations. Large difference in the amplitudes between the eastvariability and changes in Earth’s climate system. Impressive
ern pacific and western pacific is noticed in these oscillationsProgress in climate science, reflected notably in the recent
Changing from cooling trends in the stratosphere to warm-2sséssmentreport of the Intergovernmental Panel on Climate
ing trends in the mesosphere occurs more or less at altitud&hange (IPCC, 2007) provided robust findings on the cause
around 70km altitude and this result agrees well with thatOf climate change and its impacts over the next decades.
observed by satellite measurements reported in the literature. Perturbations in the atmosphere caused by various human
The peak in the cooling trend does not occur at a fixed al-activities are not only confined to the lower atmosphere but
titude in the stratosphere however maximum warming trenc@lS0 extend into middle and upper atmosphere (Beig et al.,
is observed around 75km at all the stations. The observed@003, 2011a). In view of this, it has become more important

long-term trends including various oscillations are compared®nd vital to study the variations due to natural activities in pa-
with that reported with various techniques. rameters affecting climate and to distinguish them from per-

turbations induced by global change in all layers of the atmo-
sphere. As the amplitude of temperature variations increases
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with respect to altitude due to the decrease in density, the efSouthern Hemisphere and one in Northern Hemisphere
fects of climate change are likely to be more pronounced awithin the tropical latitudes. Simultaneous satellite mea-
higher altitudes. In this study, we concentrate on the effectsurements by combining HALogen Occultation Experiment
of climate change in the tropical middle atmosphere. (HALOE) aboard the Upper Atmosphere Research Satel-
Global-mean cooling of the stratosphere is widely viewedlite (UARS) and from the Sounding of the Atmosphere us-
as evidence for a discernible anthropogenic impact on theng Broadband Emission Radiometry (SABER) instrument
climate system (e.g., WMO, 1999; Ramaswamy et al., 2001aboard the Thermosphere-lonosphere-Mesosphere Energet-
Shine et al., 2003; Beig et al., 2003). Assessments of globalics and Dynamics (TIMED) satellite are also used to compare
mean stratospheric temperatures based on NOAA satellitbow these oscillations are reflected in these measurements.
measurements since 1979 have revealed that temperature deatter measurements are extended to complete middle atmo-
low 35km has dropped by 0.75 K decadel, and the tem-  sphere to investigate the long-term trends.
perature near 50 km has dropped-by.5 K decade! (Ra-
maswamy et al., 2001). Temperature trends derived from ra-
diosonde data show stronger stratospheric cooling trends a8 Database
compared to satellite measurements (Seidel et al., 2001; Lan-
zante et al., 2003a, b; Randel and Wu, 2006). By combin2.1 LIDAR measurements
ing satellite, radiosonde and LIDAR observations Randel et
al. (2009) reported cooling trend of0.5 K decade? in the Long-term data available from Rayleigh LIDARs located one
lower stratosphere over much of the globe during the periodat tropical latitude (Gadanki (13.®, 79.2 E)) and two at
1979-2007. sub-tropical latitudes (Reunion (20.8, 55.5 E) and S&o
Temperature variability associated with the 11-year solarJosé dos Campos, Brazil (232, 45.8 W)) are used. Lo-
cycle, El Nifio-Southern Oscillation (ENSO), and the Quasi- cations of these three stations are shown in Fig. 1. We have
Biennial Oscillation (QBO) has been found to be prominent used the data from the Reunion and S&o José dos Campos LI-
in the lower and middle atmosphere, and plays a key role irDAR systems for the period 1994 to 2007 and from Gadanki
the overall balance of its composition and circulation (Reid, for the period 1998 to 2011. In general, there exist 8—-15
1994). The QBO is one of several possible “external” influ- measurements in each month regardless of the season dur-
ences on the inter-annual variability of the northern strato-ing the above mentioned periods. Detailed description of this
spheric flow. Other possible forcings include the solar cycleLIDAR system is given in Keckhut et al. (2004). Another LI-
(probably strongest in the equatorial upper stratosphere ass®AR has been operated in Sao Jose dos Campos, Brazil since
ciated with ozone heating), the remote effects of ENSO, andl972 and is mainly dedicated to the study of mesospheric
forcing from below by tropospheric circulation anomalies sodium at the 589 nm resonant line in the 80—105 km altitude
(Baldwin and O’Sullivan, 1994). Recently Li et al. (2008) range (Batista et al., 2008). The laser capability improved in
reported inter-annual variability between 15 and 85km as-the beginning of 1993, which enabled the Rayleigh signal
sociated with the 11-year solar cycle, ENSO, and the QBOretrieved fron~ 35 to~ 65 km. The third LIDAR system is
using Hawaii LIDAR temperature measurements from 1994located at Gadanki and has been in operation since 1998. De-
to 2007. They revealed the dominance of the QBO (1-3K)tailed description of Gadanki LIDAR system is provided in
in the stratosphere and mesosphere, stronger winter sign&atnam et al. (2002), Sivakumar et al. (2003), Kishorekumar
tures of ENSO in the troposphere and lower stratospheret al. (2008). Note that trends are estimated from Gadanki
(~ 1.5K/MEI), and maxima of solar cycle 1.3K/100 F10.7 LIDAR measurements are already presented by Sridharan et
units at 35 and 55 km. A number of studies on the solar cy-al. (2009); however, in this report we have extended with four
cle influence on the temperature data have been carried ouhore years covering more than a solar cycle and also from
and reported (Clemesha et al., 1997; Sridharan et al., 2009wo more locations. These long-term trends are further ex-
Keckhut et al., 2005; Remsberg and Deaver, 2005; Fadnavigacted with the satellite measurements and checked the con-
and Beig, 2006; Remsberg, 2008; Beig, 2011b; Fadnavis esistency between the two.
al., 2012). In addition, Li et al. (2011) studied the long-term  Temperature profiles from the Rayleigh LIDAR are es-
trend and solar cycle in the stratosphere and mesospheténated following the analytical method given by Chanin
using the long-term Rayleigh lidar temperature dataset abnd Hauchecrone (1984). In the altitude range, where the
three different sites in the Northern Hemisphere. The signifi-contribution from Mie scattering is negligible (35—-80 km),
cant cooling stratosphere and mesosphere temperature trentte recorded signal intensity, after applying the corrections
were found over two middle latitude sites. for the range and atmospheric transmission, is proportional
In this paper, dominant oscillations such as semi-annuato the molecular number density. The constant of propor-
oscillation (SAO), annual oscillation (AO), Quasi-biennial tionality is evaluated and density profile derived using the
(QBO), El Nifio-Southern Oscillation (ENSO) and the so- number density taken from an appropriate model (CIRA-86)
lar cycle along with long-term trends obtained using datasetdor the altitude of 80 km, where the signal-to-noise ratio is
from three LIDAR stations which two are located in the fairly high (Rees et al., 1990; Barnett and Corney, 1985).
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lowed by very few profiles for other seasons. Atmospheric
aerosol concentrations above 35km are assumed to be neg-
ligible in order to retrieve the temperature profile. It pro-
vides day and night temperature profiles in the altitude range
from ~35km to 80 km (Hervig et al., 1996; Remsberg et
al., 2002). We utilised the temperature profiles available from
1994 to 2005. A detailed discussion related to the validation
of HALOE data can be found in the literature (Russell et al.,
1993; Singh et al., 1996; Remsberg et al., 2002). Hervig et
al. (1996) validated the HALOE temperatures with LIDAR
and rocket measurements and they found typically have ran-
dom differences of 5 K for altitudes below 65 km. An inter-
comparison study by Randel et al. (2004) based on different
kinds of middle atmosphere temperature measurements also
confirmed that the LIDAR and HALOE are differing within
+5K. These findings are supported further in more recent
Fig. 1. Map showing the locations of the three stations (S&o José&esults by Sivakumar et al. (2011), that the observed temper-

dos Campos, Reunion, and Gadanki) where long-term Lidar datature differences between LIDAR and HALOE observations
observations were made available. are found to be withink6 K.
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The pressure profile is computed using the pressure at the '[0%‘2'2 SABER onboard TIMED satellite

of the atmospheric model, and the measured density profil(?n addition to the data from LIDARSs and HALOE we have

zzsurplngt;he at;notspherle totrt])etln hydrc?[statlc E:f}u'!'b”um'als;o utilised temperature data obtained from the SABER in-
Opting € periect gas law, the temperature profiie IS CoM-g, yant onhoard the TIMED satellite. The TIMED satel-
puted using the derived density and pressure profiles. An

tainty in th tthe t fih fil d Yite is at an altitude of 625 km with an orbital inclination of
;Jr?bcetr Tnty:g (;:p;rerssurr]e art ir?t (?phow Sﬁr?h' ewr(])u rtci?:'about 74.2 from the equator and its orbital period of ap-
ute 1o lemperature uncertainty, however, the uncerta yproximately 97 min. SABER measures global temperature at

) ! . . o S

Izgsgfepslgbyr;vg?tiictrgssol??h?tgﬁisuedg?;rigse@tlrj\gctirr;agztrg[:r%gh vertical resolution from the lower stratosphere to the
. ' wer thermosphere. The observation latitude range is from

uncertainty would be< 2 % at 15 km below the top (Leblanc P 9

tal. 1998). In individual profiles. the t i 53 in one hemisphere to 83n the other, and the orien-

eta, )- Inin vidual profiles, Ine lemperalure measures ;. of |atitude coverage flips to the opposite hemisphere

ment accuracy varies between 0.5-1.5K in the ‘?‘tratQSphergpproximately every 60-days. The objective of the TIMED

:?a?giaifoéne;neviﬁ;%hg?r.e\s/\fo:g\t/g ;tslzc;st:]g hnghr:giuar\éfnission is to develop climatologies of key atmospheric pa-
' ) ) ) ) rameters in the altit i ing from the t

ment, and thereby provide a good signal-to-noise ratio (SNR}r\:‘me ers in the altitude regions ranging from the tropopause

. the F-region (R b tal., 2003; Mert tal., 2004).
and better accuracy. Though reasonably good data is avai 0 the F-region (Remsberg et a eriens eta )

bl to 70km altitude. for th t stud dth ertens et al. (2001) calculated the uncertainty of temper-
aple up to m allitude, for the present study we used e re retrieval which is in the order of 1-3K in the lower
data up to 60 km only.

stratospherey- 1 K near the stratopause, and K in meso-
sphere and lower thermosphere. We have used SABER ver-
sion 1.07 datasets during the period from 2002 to 2011.

2.2 Satellite measurements
2.2.1 HALOE onboard UARS satellite

The HALOE instrument on the UARS satellite (Russell et 3 Analysis procedure

al., 1993) views solar infrared radiation in the 2.5 to 10 um

regimes by means of solar occultation and measures wathe nightly-mean temperature profiles from the LIDAR sys-
ter vapour, ozone, methane, temperature and aerosols. Oveems are averaged over a month for each station. Since the
the course of a year, observational coverage extends frohIDAR (S&o José dos Campos, Reunion and Gadanki) and
80° S to 80 N; however, the majority of orbits do not extend satellites (HALOE and SABER) datasets have different ver-
south of 45 S or north of 48N. The 57 inclination angle tical resolutions, each individual monthly profile has been
of UARS results in an occultation sampling geometry thatinterpolated to one kilometre spacing in order to make the
tends to cause measurements to dwell at high latitudes, andata analysis and the comparisons between the instruments
then sweep rather rapidly through the mid-latitude/tropicseasier. Later quality checks are applied to check the consis-
to the opposite hemisphere. This results in high latitudegency and continuity of the data. For dataset consistency pur-
having a large number of profiles for some seasons, fol{pose, we applied a consensus-averaging technique to derive

www.ann-geophys.net/32/301/2014/ Ann. Geophys., 32, 381% 2014



304 P. Kishore et al.: Long-term trends observed in the middle atmosphere temperatures

the monthly-means, which is outlier resistant (Narayana Raa@! Results and discussion

et al., 1998). In general, the time-series of temperature pro-

files are dominated by natural periodic signals. The monthly-4.1 Monthly mean temperature structure

mean temperature data is used for extracting components of

SAO, A0, QBO, ENSO and the solar cycle. The effects of Figure 2a—c show the composite monthly-mean temperature
the mentioned natural periodic signals are removed in ordepver the altitude region of 30—65 km derived from LIDARS

to extract the long-term trends. At each altitude, we appliediocated at Sdo José dos Campos, Reunion and Gadanki, re-
regression analysis to the time series, which can be expressespectively. Note that data has been averaged over the period

as the following equation (Randel and Cobb, 1994). of 1994-2005 for the Sdo José dos Campos and Reunion
locations and over 1998-2005 for the Gadanki location. In

T(t,2) = a(2) + B(2)t +y (2)QBO() + 8(z)Solart) general, more or less similar behavior in the temperatures

+ e(z2)ENSQ(t) + resid). 1) is found among the stations. The stratopause is located be-

tween 45 and 50 km at all the stations and though it is not
The coefficientse, B, v, 8, ande are determined in least-  clearly observed from the figure, the effects of semi-annual
squares sense at each altitugleusing the following expres-  oscillations (SAO) are noticed (Kishorekumar et al., 2008).
sions. The SAOs correspond to the oscillations at the stratopause
SAO (Nee et al., 2002). Figure 2 also reveals clear tempera-
) ture variations with peak temperatures lying in the range of
264-266 K during February—April and September—October
around stratopause altitudes- 45-50km). The observed
wherew; = 2mi/12. Reunion temperatures are 2—3 K warmer than Gadanki and
As a QBO proxy (QBO 1)), we have used Singapore Szo José dos Campos in the month of December. At altitudes
monthly-mean QBO zonal winds (m$) at 30 hPa. We used pelow 40km and above 55km, the temperature is nearly
the Ottawa monthly-mean F10.7 solar radio flux indices assteady with no apparent seasonal variation.
solar proxy (solar#)). As a proxy for the effects of EINiflo-  As one of the aims is to check the consistency in the satel-
Southern Oscillation (ENSQC)), we use the Southern Os- |ite measurements, the daily mean difference is estimated us-
cillation Index (SOI), which calculated from monthly-mean ing the coincidence profiles from satellite data and the com-
sea-level pressure (MSLP) at Tahiti (18, 150 W) minus  posite monthly mean temperature difference between the LI-
MSLP at Darwin (13 S, 13 E). The long-term time series DARs and HALOE measurements over the altitude region of
of the QBO zonal winds, F10.7cm solar flux, and South- 30-65 km are shown in Fig. 2d—f and corresponding standard
ern Oscillation Index (SOI) are publicly available lattp:  deviations are shown in Fig. 2g—i. The differences and stan-
Ilwww.esrl.gov/psd/data/climateindices/lisFor error esti-  dard deviations between LIDAR and HALOE are low below
mates for each oscillation, we followed the technique out-40 km and can reach as high as 5K between 50 and 60 km in
lined in Neter et al. (1985), and obtained regression coefthe case of S&o José dos Campos. The differences are larger
ficients from the least-squares analysis (Randel and Coblpver the Reunion location ranging up to 7 K between 55 km
1994). and 60 km during the southern (Austral) winter period (June—
For the satellite measurements, we selected the overpassggigust). Interestingly, the differences are minima over the
that are within 8 latitude and 10longitude separation from  Gadanki location compared to other two stations lying within
a given LIDAR location. All satellite-derived profiles are 3 K. Another interesting observation is the positive difference
averaged to calculate daily mean-profiles at a given locabetween Gadanki LIDAR and HALOE measurements during
tion, and the monthly-mean temperature profiles are estithe months of the Indian Summer Monsoon (June to Septem-
mated using daily-mean profiles. Missing data is linearly in- ber). These differences might be due to the increased cloud
terpolated to fill the gap as was done for LIDAR measure-cover and atmospheric moisture during the monsoon season
ments. For regression analysis purposes, we merged the daddfecting the LIDAR-derived temperature and reducing the
from HALOE available over 1994 to 2002, and the data from measurement accuracy.
SABER available over 2003 to 2011. To prevent the effects of The stratospheric temperature difference between mea-
inter-mission biases, we checked the consistency of the twgurement techniques may be due to several reasons includ-
different satellite measurements before merging the datasetfag LIDAR temperature analysis algorithms, latitudinal vari-
The processes mentioned above are also applied to the sateltions, and differences in sampling of the geophysical tem-
lite measurements to extract the various oscillations and theerature field by each remote-sensing technique. It should be
long-term trends. remembered that the HALOE profiles are limb obtained on
dusk and dawn and Lidar observations are vertical averages
of two or more hours during night times. In addition, the ef-
fects of planetary and gravity waves can lead to biases in any
comparisons that do not have similar spatial averaging scales

3
a(z) = Ag+ Z[A,- x COSw;f + Aj41 X Sinw;t],
iz
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Sao Jose dos Campos (1994-2005)  (a) Reunion (1994-2005) (b) Gadanki (1998-2005) (c)
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Fig. 2. Monthly mean temperature observed of@rS&o José dos Campdgb) Reunion, andc) Gadanki averaged during 1994—-2005, 1994—
2005, and 1998-2005, respectively. Monthly mean temperature difference and standard deviations observed between HALOE and respectiv
lidars are shown ifd)—(f) and(g)(i), respectively.

for their measurements (Keckhut et al., 1996). Standard deeonstraints, and HALOE datasets may suffers from tidal ef-
viations are higher, wherever the temperature differences aréects due to orbital drift (Funatsu et al., 2008; Raju et al.,
greater. Below 45 km the standard deviations are about 2 K2010). In addition, deviations in temporal coincidence are a
and it increases with altitude as the density decreases. Thearticularly difficult issue for comparisons with solar occul-
standard deviations are high (4-6K) above 55km. Whiletation measurements (Remsberg et al., 2002). From Fig. 2,
there is no systematic seasonal dependence, the largest stame observed that LIDAR-derived temperatures are colder
dard deviations are found at the S&o José dos Campos loc#han the HALOE-derived temperatures below 35 km, specifi-
tion during January—March above 62 km altitude and rangecally at the S&o José dos Campos and Reunion stations. This
between 8 and 10 K. The apparent seasonal variability maynay be due to the errors in LIDAR-derived temperatures in
be due to the planetary wave propagation in the winter mid-the lower part of the profile (30—35 km) from the presence
dle atmosphere. of aerosols, nonlinearity of the detector, and misalignment
The most recent study of Sivakumar et al. (2011) indi- effects (Beig et al., 2003). In the upper part (above 60 km),
cates very good agreement between the Reunion LIDARhe errors are mainly due to uncertainties in the reference
and HALOE seasonal observations with maximum deviationpressure needed to initialise the analysis and photon noise
in the order of~6 K between 35 and 60 km altitude re- (Keckhut et al., 1996).
gion. The seasonal characteristics of stratopause are found In order to use/merge HALOE and SABER measurements
to be consistent with earlier studies using LIDAR, rocket to see the long-term trends, we compare the measurements
and satellite data (Mohankumar, 1994; Parameswaran et alduring the overlapping years at the three LIDAR locations.
2000; Kishorekumar et al., 2008). Though good agreemenfio understand the geographical variances, only HALOE and
between the monthly temperatures from three LIDARs andSABER profiles centred withif5° latitude andt10° longi-
HALOE measurements are found there are a few notable diftude separation over each LIDAR location is considered. In
ferences. We consider such differences are acceptable due &aldition, HALOE and SABER monthly-averages are consid-
different observational times, sampling volumes (including ered only for the available days of LIDAR observations. The
latitudinal/longitudinal discrepancies in selecting HALOE monthly-mean differences and corresponding standard devi-
profiles) and vertical resolutions (Sivakumar et al., 2003;ations are shown in Fig. 3. As evident from these figures,
Kishorekumar et al., 2008). The differences between LIDAR the HALOE-derived temperatures exhibit reasonable agree-
and HALOE temperatures may also be related to the factsnents with the SABER temperature measurements over the
that LIDAR datasets have the spatial and temporal samplinghree locations. However, the HALOE mean temperatures are
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Fig. 3. Monthly mean temperature differences observed between SABER and HALOE over Sdo José dos Campos, Gadanki and Reunion
locations. Respective standard deviations are shown in the lower panels.

systematically 1-3 K colder than the SABER mean tempera-datasets. We use a new data analysis technique, which is
tures between 30 and 40 km, and 70 and 80 km. Note that wéeased on the empirical mode decomposition (EMD) method,
have considered data up to 80 km in case of satellite obsemhich generates a collection of intrinsic mode functions
vations and above may be bias due to tidal effects. In addi{IMF) (Huang and Wu, 2008). This method naturally decom-
tion, the HALOE mean temperatures are 2—4 K warmer tharposes nonlinear oscillatory patterns into a number of char-
SABER measurements between 40 and 65 km. Standard dexcteristics IMF components. The decomposition is based on
viations between two measurements are smaller below 60 knthe direct extraction of the energy associated with various in-
which are less than 3 K; however, the standard deviation risefrinsic time-scales, which are most important parameters of
to 5-7 K between 60 and 70 km except on a few occasionsthe system (Zhen-Shan and Xian, 2007). Higher frequency
From this exercise, we can make reasonable assumption thascillations are captured in the first mode and subsequent
we can combine these two measurements, which provides unodes have successively lower average frequencies. Detailed
an opportunity to study the long-term trends in the middle methodology of extracting IMFs from time series data is pro-
atmosphere. vided in Kishore et al. (2012). The main advantage of this
Figure 4 shows the time-altitude cross-sections of themethod is that sensitivity to local details can exploited to
monthly-mean temperatures obtained through a combinatioidentify periodic or quasi-periodic background signals.
of HALOE (1992-2002) and SABER (2003-2011) observa- The monthly temperature perturbation is decomposed into
tions at S&o José dos Campos, Reunion, and Gadanki Liseven intrinsic mode functions (IMF) by the EMD method
DAR locations. While HALOE measurements extend up to and the amplitude spectrum of the temperature perturbation
the year 2005, we have only considered up to the year 2002and each resultant IMF is calculated using Lomb-Scargle
and have used SABER measurements from 2003. The smaélnalysis and is shown in the Fig. 5. For these figures, the se-
differences are found in the time series of monthly temperadected altitude is 40 km from S&do José dos Campos monthly
ture profiles at higher altitudes-(75 km). These small differ-  temperature datasets. As shown on the left side of the Fig. 5,
ences could be due to the fact that the satellite data represengsich IMF component indicates temperature oscillations at a
the integrated contribution of a deep atmospheric layer andlifferent time-scale. The Lomb Scargle Periodogram calcu-
takes into account contributions of layers in the middle andlated from each IMF component shows the amplitude spec-
upper stratosphere with different smoothing layers are conira as a function of oscillation period, and is plotted on
sidered satellite to satellite. It is clear that the differences ardhe right side of the Fig. 5. The 90% confidence level of
not significant below 70 km and thus we combined the twoeach periodogram is indicated with a horizontal dashed line.
satellite datasets to further investigate the long-term variabil4-rom the Figure (first from top), the dominant peaks near

ity. the SAO, AO, QBO, ENSO, and solar cycle and be clearly
noticed. The solar cycle peak is broad ranging from 10—
4.2 Intrinsic Mode Function (IMF) analysis 12 year period. The SAO (6 months) and AO (12 months)

periods are present in first IMF and second IMFs, respec-

Before applying the regression analysis, first we check whatively. The third IMF shows QBO periods, which ranges
periods are dominant in the long-term monthly temperaturedetween 23 to 30 months, the fifth IMF shows the ENSO
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Fig. 4. Monthly mean temperature contours constructed using HALOE (1992—2002) and SABER (2003-2011) measuren{ahSamwer
José dos Campof) Reunion, andc) Gadanki locations.

periods, which ranges between 52—64 months, and seventine maximum SAO amplitude observed at 75 km, and min-
IMF shows the solar cycle, which has an approximate 11-imum at~ 82km. We observe comparable SAO amplitude
year period. As already mentioned, the solar cycle period ipeaks with maximum amplitude at 72 km. The difference be-
little broad enough and observed that these periods appeataeen LIDAR and satellite amplitudes is less than 0.3K at
throughout the stratosphere and mesospheric altitudes at athost of the altitudes for both SAO and AO. Compared to the
the stations though their amplitudes vary with respect to al-SAO, the observed AO amplitude is higher in the stratosphere
titude and from station to station. The following subsectionsand mesosphere. The phases of the SAO and AO observed by
detail the individual analyses performed for all the three sta-both LIDAR and satellite measurements show a downward

tions for each of the long-period variations. progression below 60 km, and above that altitude no clear
phase progression is seen. Using 14 years of Sao José dos
4.3 SAO, AO, QBO and ENSO oscillations Campos LIDAR temperature data, Batista et al. (2009) also

observed a peak in the amplitude of SAO near 60 km.
Figures 6-8 show the amplitude (top) and phase (bottom) of We also obtained the amplitudes and phases of QBO with
the SAO, AO, QBO (26 months), ENSO (60 months) anda 30-month period (figure not shown). The QBO ampli-
solar (132 months) periods at each altitude derived from 3%udes with 26 and 30-month periods are similar below 60 km.
to 65 km LIDAR measurements (red) and satellite measureThe 26-month QBO case has~al.3 K amplitude peak at
ments from 20 to 80km (black) over S&o José dos Cam- 70 km. S&o José dos Campos QBO (26-month) amplitudes
pos, Reunion and Gadanki, respectively. Horizontal bars repebserved from LIDAR are little larger than the amplitudes
resent the standard deviations at each altitude, which are abserved from the satellites. ENSO-period amplitudes ob-
measure of the composite variability. In general, the oscilla-served below 45 km are 1 K in both LIDAR and satellite
tion amplitudes in the overlapping regions between the LI-measurements. Large differences in the solar component am-
DAR and satellite measurements are quite comparable. Thplitudes are noticed between LIDAR and satellite observa-
SAO and AO amplitudes observed by S&o José dos Camtions. Details of solar component along with QBO and ENSO
pos LIDAR and satellite measurements (Fig. 6) both showwill be discussed in Sect. 4.4.
smaller amplitudes in the order of 1-2 K below 65km. Us-  Figure 7 shows amplitudes and phase profiles of the SAQO,
ing SABER measurements, Huang et al. (2006) reported th&O, QBO, ENSO and solar oscillations at Reunion obtained
temperature amplitudes of SAO over48-48 N for the alti- using LIDAR and satellite measurements. There are two
tudes 15 to 95 km. For the latitude f23° S, they observed
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Sao Jose dos Campos
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Fig. 5. Various IMFs obtained for temperature anomalies over S&o José dos Campos location (left panels) and corresponding LS periodograms
(right panels). Dashed horizontal line shows 90 % confidence level.

peaks observed in the SAO profile, one in the lower meso-SAO amplitudes agree morphologically with those published
sphere £ 59 km) and another in the mesosphere76 km). by Remsberg et al. (2002) based on 9.5 years of HALOE
Dou et al. (2009) also observed SAO peak amplitude at altiimeasurements, which covered betweeh3@o 40 N from
tudes~ 58 km, and~ 75 km using SABER (at 22S) temper- 32 to 80 km altitude. Note that SAO temperature amplitudes
ature measurements. The maxima in the Reunion AO ampliare little higher than AO temperature amplitudes in the lower
tude profile from LIDAR measurements resides at approxi-mesosphere. QBO amplitudes at 26 and 30 months (figure
mately 42km and is 1.7+ 0.16 K in magnitude; however, not shown) show smaller amplitudes than SAO and AO. Note
AO amplitudes at 42km from satellite measurements arethat ENSO amplitudes observed with LIDAR are in very
0.78+0.11 K in magnitude. Dou et al. (2009) observe simi- good comparison with the satellite measurements. The phase
lar AO maximum amplitude at around 40 km using SABER profiles do not exhibit any particular pattern of variation with
and Reunion LIDAR. The observed LIDAR and satellite
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Fig. 6. Amplitudes observed ia) SAO, (b) AO, (c) QBO (26 months)(d) ENSO (60 months), an@) solar (132 months) over S&o José dos
Campos location obtained using combined measurements of HALOE and SABER (1994-2007). Amplitudes observed using Lidar located
at Sdo José dos Campos during the same period is also superimposed in respective panels. Corresponding phases are shig4)Jn panels
respectively. The horizontal bars indicate 2-sigma error bars.

respect to altitude. SAO phase profiles show downward phasemoothing of the satellite data grid may increase the standard
propagation. deviation. The differences may also due to the time mean
The profiles of amplitudes and phases of SAO, AO, QBOasymmetries in the winter stratosphere (stationary planetary
(26 months), ENSO and solar cycle observed with LIDAR waves), combined with the limited lidar sampling. In addi-
and satellite measurements over Gadanki are shown in Fig. 8ion, the tidal waves may cause significant tidal aliasing to
In general, the amplitudes and phases for all the oscillathe oscillations (SAO, AO, QBO, and ENSO) derived from
tions compare well between the LIDAR and satellite mea-the LIDAR datasets, especially in the upper stratosphere and
surements. Note that the amplitudes of these oscillations arewer mesosphere.
small when compared to the amplitudes observed at the other
two stations. The variation pattern in the profiles differs sig-4.4 QBO, ENSO and Solar variations in temperature
nificantly from one to the other. The difference between the
solar component from satellite and LIDAR measurements isFigure 9 shows the temperature response to the QBO, ENSO
smaller than the other two locations. As evident in Fig. 7, theand 11-year solar cycle derived from the regression analysis
difference in the solar component is fairly large at Reunion.using the time series of satellite and LIDAR measurements
Solar component fluctuations are larger at higher altitudesas a function of altitude. The 2-sigma uncertainty (standard
In addition, the standard deviation values are larger in solageviation) in the QBO, ENSO, and 11-year response from
component as compared with the other oscillations. In gen{IDAR (in red horizontal bars) are larger than those from
eral, the amplitudes and phases of these oscillations matckatellite (in black horizontal bars) by about 40-65 % depend-
well between the ground-based LIDAR and the satellite meaing on altitude. Variability in each climate oscillation is found
surements. This suggests that satellite measurements can figbe larger at higher altitude. The patterns in the QBO co-
used to investigate these large-scale oscillations across thefficient from both LIDAR and satellite measurements are
globe. Both profiles show agreement within the error limits similar in the overlapping region. In addition, we found that
in the height region of 30-65 km. However, some differencesthe QBO response is larger above 60km, and is relatively
are found in the profiles at higher altitude levels. The spatialsmaller in the lower altitude levels. Inter-annual variability
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Fig. 7. Same as Fig. 6 but over Reunion location.

of temperature and zonal winds in the tropical stratospheréGadanki LIDAR, note that Sridharan et al. (2009) also ob-
are strongly influenced by the QBO Baldwin et al. (2001). A served similar negative solar flux values in the stratospheric
strong ENSO positive maximum of 0.75 K/SOI was observedregion, which turn to positive solar coefficient values above
at 50km, and a strong a negative minimum of 0.5K/SOI 60km. In some altitudes a positive response can be noted,
was observed near 60 km in the Gadanki LIDAR temperaturehowever the significance is not sufficient in the upper strato-
datasets. The location and magnitude of the negative ENS@phere. However, a signature of 1 to 2 K/100 sfu appears in
minima from the LIDAR and satellite are quite comparable. the upper stratosphere and lower mesosphere (45 to 65 km).
It is worth to quote recent study by Li et al. (2013) which re- In the case of the satellite solar flux, the coefficients are simi-
veals (their Fig. 2) negative temperature response in the trolar with significant positive values in between 40 to 60 km al-
posphere and stratosphere and positive response in the meddudes, which exhibit a maximum of 1.5 K/100 sfu at around
sphere in WACCAM 3.5, but negative between 20 and 25 km55 km. Remsberg and Deaver (2005) observed the 11-year
and 40 and 50 km, slight positive response between 30 andolar cycle in the upper stratosphere and mesosphere over
40 km, and strong positive response between 60 and 75 krthe period 1991 to 2004 for latitude zones fronf BDto
in SABER observations. If we see carefully our Figs. 6—8,40° S using HALOE measurements. They found 11-year so-
slight positive response between 30 and 40 km at all the lodar cycle amplitudes between 0.5 and 1.7 K/100 sfu in their
cations and positive response between 60 and 75 km is alseemperature versus pressure time series. Recently, Fadnavis
noticed in our observations similar to that reported in Li et et al. (2012) estimated the response of temperature to solar
al. (2013) for Reunion and Sao José dos Campos but not overariability in 0—30 N latitude bands and reported a positive
Gadanki. The differences might be due to different time pe-response in the upper stratosphere and mesosphere regions
riod and also considering the zonal means in their study.  (50-75km). They found solar variability 0.5—-1 K/100 sfu

The monthly analysis of these datasets reveals three difbelow 70km and 1K/100sfu above 70km in the tropics.
ferent types of temperature signatures, following three dis-Note that the derived solar flux coefficient of temperature
tinct vertical shapes that are associated with three differentlepends on the length of the datasets. A similar response in
latitude bands. All the three LIDARS reveal similar and sig- HALOE observations was reported by Beig (2011b) and Fad-
nificant negative solar flux coefficients, which turn to pos- navis et al. (2012). It may be concluded that the satellite mea-
itive solar coefficients above 55km altitude region. Using surements reported are for zonal means. However, satellite
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Fig. 8. Same as Fig. 6 but over Gadanki location during 1998-2011.

observations at the specific LIDAR locations show both pos-4.5 Long-term trends

itive and negative response similar to the LIDAR measure-

ments shown in the present Study_ Using three independen-fhe altitude profiles of the estimated linear-trend coeffi-
temperature datasets, Keckhut et al. (2005) observed a po§ients, and their associated two-sigma error limits are plot-
itive response to the solar coefficient in the stratosphere beted in Fig. 10. Figure 10a shows the trends obtained over the
tween 1-2 K in the tropics and large negative in mid-latitudesS&@o José dos Campos using 14 years of LIDAR data (1994—
regions. Recently, using three long-term lidar datasets cov2007) along with the trends obtained with satellite tempera-
ering nearly two solar cycles, Li et al. (2011) revealed theture measurements. Both measurements show cooling trends
significant different temperature response to solar cycles abetween 40 and 60km altitude region with varying mag-
different locations and different period. The stratospheric re-hitudes of about-0.25-2.9 K decade'. The LIDAR tem-
sponse to the solar cycle is attributed to direct absorptiorPerature cooling trends are about 0:3@.27 K decade’,

of solar radiation by ozone (McCormack and Hood, 1996;1.78+0.38 Kdecade!, 0.41:+0.59 K decade’ at 40, 50,
Larkin et al., 2000). Ramaswamy et al. (2001) calculated theand 60km altitude levels, respectively. Using the simple
solar flux coefficients using nadir-viewing satellite observa- least squares linear fit method, Batista et al. (2009) reported
tions from 1979 to 1995, and showed solar component ofthe temperature cooling trends over Sdo Jose dos Cam-
the order of 0.5-1.0K throughout most of the low-latitude POs as 1.09-0.57 K decade?, 2.29+ 0.66 K decade?, and

(300 N=-3C S) Stratosphere, with a maximum near the 40 km 1.42+0.98 K decade! for 40, 50, and 60 km altitudes, re-
altitude level. The solar cycle signature in stratospheric tem-spectively. The quasi-periodic oscillations are not considered
peratures does not need to be uniform over the globe or iden their analysis, and might be one of the reasons for observ-
tical at all altitudes. This has been made clear on the horiing stronger cooling trends.

zontal scale from the work of Labitzke and van Loon (1997),

on the vertical scale from the work of Chanin and Keck-

hut (1991), and may be attributable to the role of planetary

waves.
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Fig. 10.Long-term trends observed at different altitudes obtained using combined measurements of HALOE and SABER measurements over
(a) Sao José dos Campdgb) Reunion, andc) Gadanki locations. Trends observed using Lidars at respective locations are also superimposed.

Table 1.Long-term trends observed using different lidars along with that those observed from satellite observations over respective locations.
The values reported in Remsberg (2009) are also provided+Itsgma uncertainties (standard deviations) are in parenthesis.

Altitude  Sado José dos Campos HALGESABER Remsberg (2009)

(km) (23S, 46 W) 23+5°S 25+5° S
1994-2007 (Kdecl) 1992-2011 (Kdetl) 1991-2005 (K detl)
40 —0.31 (0.40) —0.21 (0.35) —0.7 (0.18)
50 —1.32(0.55) —1.67 (0.40) —1.0(0.17)
60 —0.42 (0.58) —2.64(0.62) —0.7 (0.18)
Altitude  Reunion (20.8S) HALOE+ SABER -
(km) 1994-2007 2+5°S -
(Kdec™d) 1992-2011 (Kdetl) -
40 —2.01 (0.54) —0.32(0.23) -
50 —1.52 (0.65) —1.37 (0.40) -
60 —0.56 (0.55) —2.12 (0.48) -
Altitude  Gadanki (13.5N) HALOE + SABER Remsberg (2009)
(km) 1998-2011 (Kdecl) 13.5+5°N 10+5° N
(Kdec™d) 1992-2011 (Kdecl) 1991-2005 (K decl)
40 —1.84 (0.38) —1.08 (0.35) -
50 —0.69 (0.51) —1.39(0.32) —0.7 (0.17)
60 —2.21 (0.45) —2.72 (0.51) —1.2(0.16)

Profiles of estimated linear trend coefficients over Re-measurements. Remsberg and Deaver (2005) reported that

union using 14 years of lidar data (1994-2007) along withtemperature trends over 48—-40 N (10 degree width) for

the trends obtained with satellite temperature measurementde altitudes ranging from 40 to 80 km showed a cooling
are shown in Fig. 10b. Both measurements again show cooltrend between 0.5 to 2.25 K decadeat ~ 23 S latitude re-

ing trends between the 30 and 60 km altitude regions withgion with the maximum cooling trend near 63 km altitude.
varying magnitudes. Maximum cooling trends in the LIDAR The maximum cooling trend is observed in our analysis is at
measurements are observed nearly at 43km altitude. Thabout 2.7 1.1 K decade! at 64 km altitude, which is con-
cooling trend is 0.8 0.6 K decade! near 35 km, which in-  sistent with that reported by Remsberg and Deaver (2005).
creases with altitude and attains a peak near 43km. How- Figure 10c shows the profile of temperature trend ob-
ever, a similar trend profile is not observed in the satelliteserved over Gadanki (1998-2011) using both LIDAR and
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satellite measurements along with their respective two sigmdhe satellite measurements show higher values than the LI-
error limits. In general, cooling trends observed in the LI- DAR observations. The results are found to be within the
DAR measurements are 0.43.62 K decade! near 35km.  standard deviations for S&o José dos Campos and Reunion,
This cooling trend increases with altitude and attain val-especially for 40 and 50 km altitude levels. However, the re-
ues of 2.83t 1.1 K decade! near 38 km then decreases to sults show a higher negative value for all the three sites from
1.364 0.81 K decade! near 48 km. Another stronger cool- the satellite and the differences are found to be higher be-
ing is observed around 56 km over Gadanki. The maximumtween LIDAR and satellites. The results are compared with
cooling trend at 38 km is consistent with earlier analysis ofthe earlier observations shown by Remsberg (2009) and are
SAGE Il data, which showed the cooling trend peak at 40 kmfound comparable for the LIDAR site, S&do José dos Campos
(Newchurch et al., 2000). Recently, Sridharan et al. (2009)and Gadanki.

observed stronger cooling at 37 km and 57 km using Gadanki

LIDAR data. The vertical trend profile from satellite mea- )

surements exhibits a cooling trend-efL.3K decade® near © Summary and conclusions

52 km, which it increases with altitude and attains a peak of = .
—3.85K decade! near 58 km. The temperature trends start psmg long-term temperature datasets from three LIDAR sta-

to decrease above 58 km and turns into slight warming trent{'ons (Sdo Jose do_s Campos, Reunion, and Gadanlg) from
at around 70km altitude. The observed maximum cooling ow (23 S-13 N) latitudes, I_ong-te_rm trends observed inthe
trend in our analysis is relatively low compared an earlier EMPeratures are reported including SAQ, AO, QBO, ENSO

analysis of HALOE data (Randel et al., 1999). The differ- and solar cycle oscillations in the stratosphere and meso-

ence may be due to the selection of a different width for Oursphere. The oscnlanqns extracted from L.lDARS are com-
latitude belt used for averaging the data. pared with those derived from the satellite (HALOE and

The pattern of temperature trends in equatorial regionsSABER) observations. The main findings are summarised in

(13 N-23 S) from the three LIDARs and satellite measure- the following:
ments agree well with the cooling trends found in the upper

stratosphere and lower mesosphere altitudes. However, dif-
ferences are also observed at some altitude levels. The ob-
served quantitative differences might be due to differences

in chosen time period and the fact that the satellite mea-

surements are averaged over a latitudinal grid. The differ-

ence could also be due to instrumental bias inducing changes 2. Differences in the temperature profiles obtained us-
in the monthly-mean measurements. The strongest cool- ing HALOE and SABER measurements are less in
ing from satellite measurements at two locations (Sdo José the overlapping period of observations, allowing us to

dos Campos and Reunion) are observed at around 62km,  make the longest possible time series from the satellite
whereas in the case of Gadanki location, the strongest cool- observations.

ing trend is at approximately 58 km. The LIDAR trends of

S&o José dos Campos (Fig. 10a) and Reunion (Fig. 10b) 3. Amplitudes and phases of long period oscillations

at these two latitudes tend to be out of phase with satellite of SAO, AO, QBO, and ENSO agree well between

1. In general, the climatological temperature structures
observed from LIDARs are in good agreement with
those observed from satellite observations. The max-
imum differences are 2—-3K in the stratosphere, and
4-6 K in the mesosphere.

observed trends above 56 km altitude level. Using HALOE those extracted from ground-based LIDARs and satel-
satellite temperature measurements during 1992-2004, Fad-  lite borne observations. However, large differences are
navis and Beig (2006) observed a stronger cooling trend noticed in the solar component suggesting that length
around 35km over the tropics (0-3R), which decreases of the ground-based dataset is not yet sufficient to in-

near the stratopause. Using a series of rocketsonde and ra-  vestigate the- 11 year cycle.
diosonde data over the equatorial station, Beig and Fad-
navis (2001) observed a negative trend of 2—-3 K dechde
in the lower mesosphere and an increase in cooling to 5—
6 K decade? at 70 km, with the two standard deviations er-
ror found to range fror=0.5 K decade? in the lower meso-
sphere tat1.3 K decade? in the middle mesosphere.
Calculated long-term trend values at selected altitude lev- 5 at | stations a change from cooling trend to warming
els are shown in Table 1. The trend values are shown for trend occurs around 70 km. Larger warming trends are
both individual LIDAR datasets and the combined HALOE noticed in northern location of Gadanki than the south-
and SABER satellite measurements (as depicted earlier in ern locations of S&o José dos Campos and Reunion.
Fig. 10). The table summarises the representative trend val-
ues for the lower stratosphere (40 km), stratopause (50km) 6. The results below 70km are in good agreement with
and lower mesosphere (60 km) altitude regions. In general, those prior reported results, which confirms that the

4. Both LIDAR and satellite measurements show a cool-
ing trend at about 0.5-0.7 K decadebetween 40
and 55km. The LIDARs (Sao José dos Campos and
Gadanki) standard deviations are with in the range of
satellite standard deviations.
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temperature trends and long-period oscillations de-Chanin, M. L. and Keckhut, P.: Influence on the middle atmosphere
rived from satellite measurements are comparable with of the 27-day and 11-year solar cycles: Radiative and/or dynam-
ground-based observations, suggesting that the trends ical forcing?, J. Geomagn. Geoelectr., 43, 647-655, 1991.

can be extracted in the tropical latitudes globally using Clemesha, B. R., Batista, P. P., and Simonich, D. M.: Long-term and

satellite measurements.

solar cycle changes in the atmospheric sodium layer, J. Atmos.
Sol. Terr. Phys., 13, 1673-1678, 1997.

However, caution is advised while interpreting the resultsDou, X., Li, T, Xu, J., Liu, H. L., Xue, X., Wang, S., Leblanc, T.,
above 70 km altitude. Investigations on the long-term trends McDermid, I. S., Hauchecome, A., Keckhut, P., Bencherif, H.,
in the temperature covering the entire middle atmosphere are Heinselman, C., Steinbrecht, W., Mlynczak, M. G., and Russell

in progress.
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