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Abstract. Many geo-hazards such as earthquakes, tsunamis, An adequate distinction of the overlapping infrasonic sig-
volcanic eruptions, severe weather, etc., produce acoustinatures caused by different infrasound sources in the OH
waves with sub-audible frequency, so called infrasound. Thigemperature record is needed for the ascription to the proper
sound propagates from the surface to the middle and upsource. The approach presented here could form a contribu-
per atmosphere causing pressure and temperature perturb#en to a hazard monitoring and early warning system.
tions. Temperature fluctuations connected with the above
mentioned events usually are very weak at the surface, but the
amplitude increases with height because of the exponentia)  |ntroduction
decrease of atmospheric pressure with increasing altitude. At
the mesopause region (80—100 km height) signal amplitudesfrasound is generated by a wide variety of natural sources
are about two to three orders of magnitude larger than on thes e.g. earthquakes, volcanic eruptions or severe weather, but
ground. also by man-made sources such as explosions, aircrafts or
The GRIPS (GRound-based Infrared P-branch Spectromeindustrial activities (see Gossard and Hooke, 1975; Blanc,
ter) measurement system operated by the German Remote85; Campus, 2004 for an overview on infrasonic sources).
Sensing Data Center of the German Aerospace Center (DLRBecause infrasound travels over large distances and is subject
DFD) derives temperatures of the mesopause region by obto only low atmospheric attenuation, in comparison to audi-
serving hydroxyl (OH) airglow emissions in the near infrared ble sound (Sutherland and Bass, 2004), it can be measured
atmospheric emission spectrum originating from a thin layerover distances of many hundreds and even thousands of kilo-
at approximately 87 km height. meters. At surface level, pressure-based infrasound measure-
The GRIPS instrument is in principle suited for the de- ments using ground-based microbarometers and infrasonic
tection of infrasonic signals generated by e.g. tsunamis angyrrays are used for e.g. monitoring nuclear weapon tests in
other geo-hazards. This is due to the fact that the infra-support of the comprehensive nuclear test ban treaty (CTBT,
sound caused by such events should induce observable shogee PrepCom, 1997), as well as for the detection of meteoro-
period fluctuations in the OH airglow temperatures. First re-|ogical or volcanic activities (see e.g. Bowman and Bedard,
sults obtained during a field campaign performed at the Envi-1971; Ripepe and Marchetti, 2002) and several other natural
ronmental Research Station “Schneefernerhaus”, Zugspitzphenomena (see e.g. Evers and Haak, 2001; Mutschlecner
(47.# N, 11.0 E) from October to December 2008 are pre- and Whitacker, 2005; Johnson et al., 2006). Investigations
sented regarding potential sources of meteorological and ororelated to tsunami induced infrasound have recently been per-
graphical origin. formed as part of the 2004 Sumatra earthquake and its associ-
ated tsunami (see Le Pichon et al., 2005; Garces et al., 2005).
However, the detection of infrasound by means of temper-
ature measurements in the upper mesosphere (instead of sur-
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Fig. 1. The frequency range of infrasound embedded between the gravity wave and the audible range. It corresponds to periods of 0.05 s up

to 5min.

Infrasonic waves are sound waves with frequencies below The derivation of temperatures at this altitude from the
16 Hz, which is in the sub-audible range. Infrasound is onmeasurement of the hydroxyl airglow spectra is a well estab-
the other hand limited by the acoustic cut-off frequency atlished technique which is being routinely performed around
about 0.003 Hz, which separates sound from gravity wavesthe globe at many measurement stations (see e.g. Beig et
This frequency range corresponds to signal periods of 0.05al., 2003, and references therein) of which many have re-
up to 5min (see Fig. 1). cently formed the Network for the Detection of Mesopause

Sound waves are longitudinal waves because wave dis€hange (NDMChttp://wdc.dIr.de/ndm)c These airglow de-
turbances travel parallel to the direction of wave propaga-rived temperatures have been used for example for studying
tion. They occur in the atmosphere when a periodic vibra-planetary waves with periods from days to weeks (e.g. Sivjee
tion causes alternating adiabatic compression and expansiaet al., 1994; Espy et al., 1997; Takahashi et al., 2002; Bu-
of air. In each wave induced compression cycle of the gagiti et al., 2005; Hbppner and Bittner, 2007;dpez-Gonalez

there will be a temperature increabé(see Liszka, 1977): et al., 2009) as well as for investigating atmospheric grav-
u ity waves with periods of several hours down to about 8 min
T = —(=DT (1)  (e.g. Gavrilov et al., 2002; Reisin and Scheer, 2004).

. . ) . Time series of OH temperatures occasionally show signa-
wherec is the sound velocityy the particle velocityy the  yres of periods even below 5min if the temporal resolution
specific heat ratio and’ the ambient temperature. AssUm- of the ysed instrument is sufficiently high. Possible sources
ing an infrasonic source signal of a certain initial pressureqs g;,ch small-scale signatures are infrasonic signals.

amplitude, one can calculate the expected particle velocities The German Remote Sensing Data Center (DLR-DFD)

and resulting temperature perturbations occurring inaspeci\?erates the GRIPS (GRound-based Infrared P-branch

:‘ied layer of}(he ﬁtr_nohsphere aseg.in thehme?fopaus? gifrglo pectrometer) instruments for the measurement of hydroxyl
ayer at~87 km height (see Sect. 2.2). The effects of infra- airglow intensities with high temporal resolution (Bittner

sound on the middle and upper atmosphere in terms of temgy al., 2002). First tests for detecting specific infrasound

perature fluctuations have been qua_ntified by e.g. Schubert "astignals were performed during a measurement campaign at
al. (2005), Krasnov et al. (2007) or Pilger and Bittner (2009). o Eryironmental Research Station Schneefernerhaus (UFS,

Neither pressure nor temperature fluctuations in the aty7 o N 11.0 E) at the Mountain Zugspitze in southern Ger-

mosphere can be easily measured above the stratospheig, . juring October—December 2008. The detection and
Aircrafts and balloons do not reach such altitudes. Rocketid ntification of signals in the infrasound low frequency

measurements are sparse and expensive and _satelllte b_asi%%ime, most likely generated by meteorological activities
measureme_nts do not usuall_y provide the spatial resolut|0r‘)md the Alpine orography, was achieved using a new detector
needed for infrasound detection. However, a number of tech; chnology which delivers the required high temporal resolu-

niques have been developed during the past decades that 5n measurements
low indirect detection of the temperature in higher altitudes. _. ' . .
Figure 2 shows the theoretical concept of our approach: a

One of them is the remote sensing of the airglow in the . : ) ) .
. : . . tsunami generates an infrasonic wave which travels from its
mesopause region (80—100 km altitude). The airglow is elec-
: o ) ) .~ ~ocean surface source through the atmosphere. Most of the
tromagnetic radiation emitted in the upper mesosphere in the . . : ,
. . ) Wave energy is radiated nearly perpendicular to the ocean’s
visible and near infrared due to atomic and molecular ex- . .
o . . . . surface into the upper atmosphere. When infrasound prop-
citations at these heights. One prominent airglow source is

a rather narrow layer of excited hydroxyl (OH) molecules agates upwards, its amplitude grows (due to the decreasing

from about 83—90 km height peaking around about 87 kmair density and the conservation Of. momentum) by up to
(e.g. Baker and Stair, 1988). The excitation is caused by th gbout two to three orders of magnitude at the mesopause

. ! : about 90 km altitude). Infrasonic waves generated at the
exothermic reaction of ozone and atomic hydrogen (Bate surface typically reach this region within about 5min. The
and Nicolet, 1950; Meinel, 1950a). ypically 9 :

pressure perturbations of an infrasonic signal correspond
to temperature fluctuations in the atmosphere via ideal gas
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Fig. 2. Concept of infrasound generation and propagation, its impact on the mesospheric hydroxyl layer and the resulting radiation measured
by the ground based infrared spectrometer GRIPS (see text for details).
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law assumptions. These perturbations modulate the OH tenray-tracing. Atmospheric background conditions such as
peratures on their travel through the airglow layer in thethe pressure-, temperature-, and wind-profiles are an inte-
mesopause region. Using the measurement technique of irgral part for the propagation calculations for infrasound. The
frared spectroscopy with sufficient high temporal resolutionHARPA code was modified by including climatologies for
in conjunction with a versatile signal classification algorithm, atmospheric background conditions (see below). The modi-
it should be possible to detect and identify the signals assofied version is denoted as HARPA/DLR (Pilger and Bittner,
ciated with geo-hazards such as a tsunami. If this can be re2009).
liably demonstrated then the measurement system could be The climatology NRL-MSISE-00 (Naval Research
deployed for the rapid detection of such hazards. Laboratories-Mass Spectrometer and Incoherent Scatter
The study presented is part of the GITEWS (German-Radar; Picone et al., 2002) is used for the representation of
Indonesian Tsunami Early Warning System) project (Rudloff atmospheric temperatures. For the modelling of wind fields
et al., 2009). the HWM-93 (Horizontal Wind Model; Hedin et al., 1996)
The paper is organized as follows. The modeling of in-was chosen. A further aspect of propagation modelling
frasound propagation, the quantification of infrasonic ef-is the influence of signal attenuation. The influence of
fects and first comments on signal parameters is presentegeometric spreading (weakening of a signal with range due
in Sect. 2. The measurement principle as well as a descripto expansion) and atmospheric attenuation (damping due to
tion of the instrumentation is given in Sect. 3. In Sect. 4 thermal and molecular processes) is also considered in the
preliminary results of infrasound induced temperature fluc-improved HARPA/DLR program code.
tuations recorded during a few weeks measurement period The modifications include the attenuation processes of

are presented. viscosity, thermal conductivity, diffusion and relaxation
with height- and frequency-dependent formulae (see Suther-
2 Modeling approach land and Bass, 2004). Further programming improvements

for these calculations include height-dependent atmospheric
composition and molecular mass, temperature-dependent

The propagation of infrasound from a surface source to the©lliSion numbers and a Sth-order polynomial approximation
mesopause region and higher can be modeled with e.g. ra§9 the atmospheric pressure profile (|n§tead of scale-height).
tracing methods (see Jones et al., 1986; Drob et al., 2003; F19uré 3 shows a typical propagation pattern of sound

Pilger and Bittner, 2009). The ray-path calculations arevaves radiated from a point source on the ground. The ini-
tial inclination angles of sound rays are equally spaced from

performed using the Hamilton equations of motion and are ) . )
solved numerically by use of the HARPA program (Hamilto- parallel to perpendicular radiation with respect to the ground.
Obviously, the total amount of acoustic energy is transported

nian Ray-Tracing Program for Acoustic Waves in the Atmo-

sphere; Jones et al., 1986). HARPA is a commonly used analpwards in the at_mosphere, where it is either dissipated at
well established humerical code for 3-D infrasonic thermospheric heights or reflected back to the ground.

2.1 Infrasound propagation modeling
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Fig. 3. A typical infrasound propagation pattern of a surface point
source including acoustic loss due to atmospheric attenuation anﬁ/I
geometric spreading, modelled with HARPA/DLR. The signal loss

is coloured and given in the relative unit of decibel.
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Fig. 5. HWM-93 output for monthly mean zonal wind profiles at
unich, Germany (481N, 11.6 E). The changing direction of the
stratospheric wind jet from winter to summer leads especially to
horizontal variations in the propagation pattern of infrasound.

quired to allow for precise infrasound propagation predic-
tion. Smaller scale perturbations in temperature and wind
of a few degree Kelvin or m/s, respectively, can seriously
alter the sound propagation. Therefore, the climatologies
also take into account daily and hourly variations (not shown

a
o
LI T B

here). The exact date and daytime is a significant input to the
HARPA/DLR-modelling.

ol A . ; L
0 200 400 600 800
Temperature, K

2.2 Quantification of infrasound temperature
fluctuations

Fig. 4. MSISE-OO output for the monthly mean temperqtlure profile p subsequent aspect of propagation modelling is the calcula-

at Munich, Germany (48:IN, 11.6' E). The strong positive tem- tion of singular temperature effects due to the passage of an

perature gradients in the stratosphere and lower thermosphere lea| .

to acoustic ray reflections and surface returns (so-called “ducts”).mfrasom(? Slg/nal through the atmosPhere'. The temper_ature

There are also strong seasonal influences like the cold (Warmi)ertu_rbatlonT _(see Eq. 1) deF’_e”dS primarily on the parFche

mesopause in summer (winter). velocity u. Various processes increase and decrease this par-
ticle velocity such as geometric spreading loss, atmospheric
attenuation loss and amplification with decreasing air den-
sity. They will be further discussed below.

The so-called “ducting” of acoustics rays and their returns Geometric spreading loss (see e.g. Warfield and Jacobson,
to the surface are predominantly caused by strong temperat971) is the weakening of a signal, when it expands with in-
ture gradients in the atmosphere. These gradients mainly afereasing range. There are two different kinds of spreading
pear in the stratosphere (“stratospheric duct”) and the lowetoss, namely spherical and cylindrical loss. If a sound sig-
thermosphere (“thermospheric duct”), where the temperaturaal (idealized as point source) expands in all directions, its
strongly increases. The influences of horizontal wind on thesurface expands like a sphere (or hemisphere, when starting
propagation were found to be of secondary importance, buat the surface) and with increasing radiyshe surface in-
not negligible in the context of background modelling. creases proportional t& (surface of a sphere: %42). If a

Figures 4 and 5 show model outputs of MSISE-00 of sound signal originates from a (idealized infinite) line source,
monthly means of temperature and zonal wind fields calcuthe surface expands like a cylinder and increases proportional
lated, for example, for Munich, Germany (48N, 11.6 E). tor (surface of a cylinder barrel of constant heigh® = rh).
Seasonal structures in the temperature and the zonal winth reality, the propagation of acoustic rays (see Sect. 2.1) re-
have a significant effect on the wave propagation in the atsembles spherical spreading in the near field of the source
mosphere. The semi-annual wind reversal in the stratospherand becomes more cylindrical in the far field due to ducting
is well represented by the HWM-93 model. It has been men-and focusing of rays. The cylindrical spreading is assumed
tioned above that realistic temperature and wind data are refor this study. The intensity of a sound signal corresponds to
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the mvgrse sgrfape Increase, S_O itis proportional/ta ]l'he_ Table 1. Frequency-dependent height, where the processes of atmo-
sound intensity is also proportional to the square of particle gpperic attenuation start to dominate compared to the amplification

velocity u and therefore: by decreasing of air density.
Io<u20<1':>uo<i (2) :

r Jr Signal frequency 10Hz 1Hz 0.1Hz 0.01Hz
Atmospheric attenuation loss (see e.g. Evans et al., 1972) Height 76km  102km  130km  160km

characterizes the weakening of a signal due to damping pro-
cesses. These processes are subdivided into classical losses
(i.e. losses due to viscosity and thermal conductivity of air),

diffusion losses and relaxation losses. The classical pro- 1 - =10
cesses are the most significant ones for middle and upper at 1o 1
mospheric attenuation. Diffusion only contributes with 0.3% | i o
to the total attenuation of a signal and relaxation dominates T3
only in the lower to middle atmosphere, where the overall £ '® ot
attenuation is still very weak. The attenuation is frequency- §n i g
dependent and increases with height. Typical heights, where* i g.
the loss due to attenuation becomes stronger than the ampli | F o
fication due to decreasing air density (described below) are )
given in Table 1. The attenuation coefficients for the different ~ * y

0 0

attenuation processes can be quantified using HARPA/DLR. -/ pone 5 = peve

The total absorptiom in decibels can be calculated over a Range (West -> East), km

specified distance of propagation; the loss of sound intensity

I and particle velocity: due to attenuation can be expressed Fig. 6. Temperature fluctuation for a signal of 0.01 Hz frequency

by (Pilger and Bittner, 2009): and 100 Pa pressure amplitude (at 1km initial distance from the
) 110 4120 source) using cylindrical spreading implemented in HARPA/DLR.
I ocu? 107410 4y o 1074/ (3)  The OH layer between 83 and 91 km is marked by a rectangle.

Amplification with decreasing air density is a process that
increases signal amplitude with height. The exponential de-
crease of air density with height can be represented by the

following scale height relation: Figure 6 shows an example of a temperature fluctuation
_ —2/H 4 development with height and range. It has been calculated
p=hoe (4) using HARPA/DLR (for more details see Pilger and Bitt-

wherep is the air densitypg the air density at surface level ner, 2009). With increasing height the decreasing air den-
(~1.225kg/n?), z the height andH the atmospheric scale sity leads to an exponential increase of the fluctuation. The
height (~6.8km as an approximation for all altitudes from temperature fluctuations in the OH layer (cat8Wkm) are
ground to lower thermosphere). The squared particle veloctargest directly above a source. Shown is an example case us-
ity u? of a sound signal has to increase in the same way as thig strong sound amplitude of 100 Pa (at 1 km initial distance
air densityp decreases if energy conservation (and therewithfrom the source) and weak attenuation for a low frequency
constant intensity) is assumed: of 0.01Hz. The expected temperature fluctuation amounts
1 ~5Kin the OH layer for this signal.
I=u’pc=uocc— (5)
Vg 2.3 Infrasound signal identification
Following Egs. (2), (3), and (5) the particle velocityis
proportional to the inverse square root of distance and presA pattern recognition algorithm is needed in order to reli-
sure and the inverse scaled attenuation over 20. Therefor@bly identify and classify infrasound signals in the OH tem-
if both, the distance and the attenuation increases, the partperature fluctuations originating from different sources. The
cle velocity decreases. If the pressure decreases, the partick@urce characteristics, which can be used to distinguish dif-
velocity increases. Due to the fact that the background aiferent signals, are sound frequency, sound amplitude and
pressure decreases exponentially with height (Eq. 4), the insound waveform.
crease of the square of particle velocity is also exponential While infrasonic frequencies range from 0.003Hz to
and it exceeds the decrease due to the other effects until at-6 Hz (corresponding to periods of 5min to 0.05s, see
tenuation becomes dominant. Following Eq. (1), the temper¥Fig. 1), each source has its own characteristic frequency
ature fluctuatior?” increases in the same way as the particlerange. Only a few infrasonic signals have one constant main
velocity u. frequency (e.g. microbaroms: 0.2Hz), while most signal

www.nat-hazards-earth-syst-sci.net/10/1431/2010/ Nat. Hazards Earth Syst. Sci., 1044232610
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Fig. 7. Distinction scheme for infrasonic sources using the parameters of sound amplitude, frequency and waveform. See text for further
details.

frequencies can vary by one or two orders of magnitude. Figure 7 shows a distinction scheme for several of the most
For example, explosion frequencies are yield-dependent: theommon infrasound sources by the parameters frequency,
stronger an explosion, the longer its period. Other prominenamplitude and waveform. It reflects the first steps to be per-
long-period &205s) signals are mountain-associated infra-formed in signal classification and discrimination. Two se-

sound waves, severe weather and volcanic eruptions, whiléected events regarding different infrasound sources are dis-
short-period signals are e.g. due to avalanches, sonic boonmissed in Sect. 4. Further investigations concerning pattern
and volcanic tremors (see Fig. 7). recognition of infrasonic signals are beyond the scope of this

A second discrimination parameter in this context is thepaper.

pressure amplitude of a sound signal. Infrasonic signals
vary from nearly undetectable milli-Pascal effects to shock-

waves of some hundreds to thousands of Pascal. The mogt,q hydroxyl (OH) airglow originates from a thin layer of
important parameter for amplltL_Jde calculations is the dis-gpqut 8 km thickness at a peak altitude of about 87 km (e.g.
tance from the source. This is due to the fact that thegayer and Stair, 1988). The OH molecules are formed in an

sound amplitude predominantly decreases with distance dugy sthermic reaction of ozone with atomic hydrogen (Bates
to geometric spreading loss. This loss is estimated usingq Nicolet 1950):

the above-mentioned ray tracing method (see Sect. 2.1) for oy
the determination of the distance between the signal and it§! +Os — OH (” = 9) +02(+3.32eV) (6)
source at a certain time and geometric spreading calculationBuring the formation of the products OH and,,Othe
(see Sect. 2.2) for the quantification of amplitude reduction.chemical excess energy is almost completely converted into
As mentioned above, infrasonic signals with weak ampli- vibrational-rotational excitations of the OH molecule (e.g.
tudes are microbaroms, meteorites, sonic booms and sevef@algarno, 1963). Subsequently, the OH molecule regains
weather activities, while stronger signals are due to volcanicjts energetic ground state by emission of electromagnetic
explosive or eruptive activities (see Fig. 7). radiation in the visible and near infrared spectrum. The
A third parameter is the waveform of a sound signal. TheGRIPS instrument measures the OH(3-1)-transition associ-
discrimination of impulsive signals (with strong peaks or so- ated with the emission of infrared radiation between 1.5 um
called “N-shapes”) and continuous signals (with wave-like and 1.55 um wavelength (see Fig. 8). Using such low en-
or alternating characteristics) strongly depends on the inergy transitions for the derivation of rotational temperatures
strumental capabilities to detect those waveforms. In a firsavoids non-local-thermodynamic equilibrium problems (e.g.
approach, sonic booms, explosions and eruptions are deteRendleton et al., 1993). Therefore it is assumed that these
mined to be impulsive while microbaroms, earthquakes andotational temperatures correspond well to the kinetic tem-
volcanic activity are continuous (see Fig. 7). perature of the atmosphere.

Measurement technique and instrumentation

Nat. Hazards Earth Syst. Sci., 10, 143442 2010 www.nat-hazards-earth-syst-sci.net/10/1431/2010/
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25T ' T T : ] Originally, the GRIPS system is used to monitor climate

| OH(3-1) g-branch OH(3-1) p-branch OH(4-2) r-branch  OH(4-2) g-branch | . .

i BF Pk RS PAHIRCHR Rl ] signals and observe long-term trends in the mesopause re-
ook TINEE 1 | I e 1 gion (e.g. Bittner et al., 2000; &ppner and Bittner, 2007),

RiBR2)R(1)
Pi(2) P3) P4  P5):

to better understand the impact of atmospheric dynamics on
larger-scale circulation, to validate satellite-based measure-
ments and to evaluate climate and atmospheric models. In
addition, high temporal resolution data obtained with the
new spectrometers GRIPS 5/6 reveal temperature oscillations
] with periods below the Brunt-&sla period.
3 Key features of these spectrometers are a thermoelectri-
] cally cooled 512 pixel InGaAs-array and a high aperture
, polychromator. This new spectrometer design offers a tem-

1500 1520 1540 1560 1580 1600 poral resolution of 15s, well within the infrasound regime

wavelength [nm] . . . .
(see Fig. 1). The overall dimension of the system is com-

Fig. 8. OH nightglow emissions between 1.5 um and 1.6 um mea-Paratively small with only 60@500x400 mn? (see Fig. 9).
sured with the advanced GRIPS 5 spectrometer. Rotational temJ he field of view of GRIPS 5/6 is 7°%7.9. While the
peratures are derived from the three strongest lines of the OH(3-1$3RIPS 6 is looking into zenith direction, the GRIPS 5 in-
p-branch: R(2), Py(3), P.(4). strument is looking at a zenith angle of°4ito southward
direction, so its field of view is located over Northern Italy

The relationship between the intensity of the emission(see Fig. 12).

intensity [a.u.]
&

N
=]
T

0.5

0.0 I )

|inesl and the Corresponding rotationa| temperam is In Ol’(_ﬂer to gain I’e|iab|e estimateS Of the uncel’tainty Of
given by Meinel (1950b): the dgrlv_e(_j temperature \{alues_, the S|gnal-t(_)-n0|se ratio of

each individual spectrum is derived by applying a low pass

Lo i griy = Nor-Awr g7 i, ami filter. The filtered spectrum gives a reliable estimate of the
/ peak intensities, while the residuals are taken as their respec-

2(27'+1) —Fy o ’ - . : .
—_— 7 @) tive uncertainties. This approach has proven to yield feasi-

O/, Tiot B.rot ble results in gaining the instrument’s precision. A conve-

whereN,, andQ,- T1,,, denote the population number and the nient side effect of this approach is the fact that precision
state sum of the initial vibrational staté. A andF, ;/ ; de- increases on longer time scales. As a consequence the uncer-
note the Einstein coefficient of spontaneous emission and theinty is typically of the order of 7.5K for a 15s exposure,
term value of the rotational level with respect to the vibra- while decreasing to values below 2 K at time scales of 1 min.
tional levelv” and the doublet branch J’ is the quantum  Since the signal-to-noise ratio is a function of source inten-
number of angular momentum anig the Boltzmann con-  sity, atmospheric opacity and all possible influences caused
stant. The temperature retrieval is based on the transition cdby the instrument, the uncertainty of the derived tempera-
efficients from Mies (1974) and the rotational energy valuestures strongly depends on the measurement conditions. Dur-
from Krassovsky (1962). ing the nights discussed in Sect. 4, temperature values range
The GRIPS spectrometers have been deployed for the olfrom 200K to 240K for the night of 2 to 3 November 2008
servation of OH airglow for nearly 30years (see e.g. Bitt- and from 180K to 220K for 5 to 6 November 2008, while
ner et al., 2002; Bppner and Bittner, 2007). The first in- the respective uncertainties of the 15 s values range between
struments were designed and built during the early 1980 K and 12K for both nights (see Figs. 10, 11, 13, and 14).
at the University of Wuppertal, Germany (511, 7.2 E). Thus the precision of the GRIPS instrument cannot explain
More than two decades of experience and data have beethe variability in our data and atmospheric waves are the
gathered with this instrument series making it a promi- likely explanation as is further confirmed by the results of
nent instrument in the history of airglow spectroscopy. At the wavelet analysis.
the end of this development line, GRIPS 6 — installed at ) _
DLR-DFD in Oberpfaffenhofen, Germany (4814, 11.3 E) 4 Results and discussion

in 2009 — and the identically equipped GRIPS 5 — IO'G{A field campaign SCARAMANGA at the Environmen-
) al Research Station Schneefernerhaus in the German Alps
haus at Mt. Zugspitze, Germany (47M, 11.0°E) — repre- (UFS, 47.4N, 11.0 E) was conducted during October- P

sent advanceql scanning spectrometers fpr near infrared ai Secember 2008. The GRIPS 5 spectrometer was deployed
glow observations. Both instruments routinely and automat-,

> ) i for this campaign to demonstrate the capability of this in-
ically measure the OH temperatures night by night (data ar . : .

) .~ Strumentation to detect low frequency infrasonic signals.
available from the World Data Center for Remote Sensing g y g
of the Atmosphere, WDC-RSAT, and can be accessed via lSearch forCharacteristidirglow Response téutumnal
http://wdc.dIr.de/ndmy MeteoroidActivity during NocturnalGauging of theAtmosphere
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Fig. 9. Side view of the advanced GRIPS spectrometer.
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Fig. 11. Wavelet spectrogram based on OH temperature time series

in Fig. 10 in the period range of 0.5 to 10min. Colours indicate
the wavelet power spectrum and white lines denote the 95% signif-
icance level. Hatched areas are excluded due to edge effects of the
eﬁavelet analysis. A noticeable amount of wave activity is located
around 20:00 UTC, 00:30UTC and 04:00 UTC.

Fig. 10. Nocturnal evolution of OH temperatures recorded dur-
ing the night from 5 to 6 November 2008 at the Environmental
Research Station Schneefernerhaus (4¥,411.C° E), Germany.
2466 spectra have been recorded by the GRIPS 5 spectrometer wi
a temporal resolution of 15s.

During this campaign, 27 nighttime time series of up to were performed on the data set in the period range of 0.5—
3000 OH spectra per night were recorded with a maximum10 min (for long-period infrasound and short-period grav-
temporal resolution of 15s per spectrum. In order to checkity wave detection) and in the 0.5-5min period range (for
for shorter period fluctuations in the OH-temperature timepure infrasound detection). 95% statistically significant ar-
series we performed a wavelet analysis. Wavelet analysigas (spectral peaks in the wavelet spectrum are at this level
has proven to yield good results in atmospheric studies, essignificantly above a background spectrum as e.g. the spec-
pecially if spectral signatures are transient (e.gistVand  trum of white noise) in the OH temperature records provide
Bittner, 2006; Hppner and Bittner, 2007; Bittner et al., evidence for sources in the above mentioned period range.
1998; Widdel et al., 1994). The wavelet analysis used in thiswe therefore believe that the wavelet analysis used allows
study is based on the algorithm presented by Torrence andstimating the spectral content of the underlying data series
Compo (1998). Analyses using the Morlet wavelet function and allows detecting infrasonic signals.
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Fig. 12. ECMWEF operational analysis of the convective available potential energy (CAPE) at surface level for the 6 November 2008,
00:00 UTC. Also shown is the location of GRIPS 5 at the Environmental Research Station Schneefernerhfalds {473E) (red circle)
and the field of view of the instrument (red trapeze). See text for further details.
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Fig. 13. The same as in Fig. 10, but for the night of 2 to 3 November Fig. 14. The same as in Fig. 11, but for the night of 2 to 3 Novem-

j ) ber 2008. A noticeable amount of wave activity is located around
2008 from ca. 23:00 UTC to 05:30 UTC based on 1691 spectra. 04:00UTC in a period range of 0.5 to 1.5 min (see also Fig. 15).

Figures 10 to 15 show typical examples of nights with sig-
nificant wave activity in the above mentioned period rangesness within the field of view of the instrument. Neverthe-
indicating the impact of short period (infrasonic) signals on less, a total of 2466 spectra, equivalent to more than 10h
mesopause temperature time series. of observation, were obtained during this night. Figure 11

Figure 10 shows the time series of OH(3-1) rotational shows the corresponding wavelet spectrogram of this time
temperatures obtained with the GRIPS 5 instrument duringseries in the period range of 0.5 to 10 min; signals exceed-
the night of 5 to 6 November 2008. A large data gap be-ing a 95% significance level have been identified during the
tween 01:15UTC and 02:30UTC is due to dense cloudi-time spans between 19:30 UTC and 21:00UTC, 23:00UTC
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1440 M. Bittner et al.: Mesopause temperature perturbations caused by infrasonic waves

389 such orographic waves and we tentatively interpret the sig-
nals found as being related to orographical effects. Signals
in this period range are frequently observed throughout the
| 287 campaign data set. The example shown here is a particularly
strong event with remarkable continuity.

!410 Lyra, 1943). The Alpine region is a well known generator of

328

| 248

= 205

Period, min

el 5 Conclusions

() wnuoeds temog

an Our study demonstrated the potential of the advanced IR-
spectrometers GRIPS 5/6 for obtaining reliable high reso-
lution spectra allowing the observation of OH temperature

0 modulations caused by infrasonic waves traveling through
03:39 03:42 03:45 03:48 03:51 03:54 03:57 the airglow layer.
Time, UTC

The GRIPS system utilizes the so-called OH airglow phe-
Fig. 15. Detail of Fig. 14 focusing on the measurement time be- nomenon in 8,0_90 km altitude. .Mesopal{se temperaturgs are
tween 03:39 UTC and 03:57 UTC and on periods below 5 min. An currently routinely and automatically derived night-by-night

area of significant wave activity is located in the 1-min period range ffom observations of hydroxyl (OH) emissions in the near
lasting about 10 min. infrared. The new IR-spectrometers GRIPS 5/6 measuring

with a temporal resolution of 15s allow the detection of
short-period infrasound signals.

and 01:15UTC and between 02:30 UTC and 05:00UTC, re- An infrasound propagation model was developed
spectively. Wave activity is observed in both, the short pe-(HARPA/DLR) using the existing ray-tracing model
riod gravity wave range with periods around 6 to 8 min (not HARPA and improving the propagation characteristics by
discussed here) and the infrasonic period range with period#icluding climatologies for atmospheric background condi-
around 3to 4 min. We Specu|ate that the latter Signatures mayons and taklng into account the influence of attenuation on
be attributed to a meteorological source, due to the fact tha@ signal. The development of a numerical infrasonic wave
3.5min is a typical acoustic period of severe weather (sedattern recognition algorithm has been initiated.
Georges, 1973; Chimonas and Peltier, 1974; Blanc, 1985). To demonstrate and test the improved system’s perfor-
This is indeed in agreement with the fact that some thun-mance and the developed modeling approach, a field cam-
derstorm activity was recorded in Northern Italy through- paign SCARAMANGA was conducted at the Environmental
out the whole night. Figure 12 shows the associated conResearch Station Schneefernerhaus (4M,411.0° E) from
vective available potential energy (CAPE) for central EuropeOctober to December 2008. It was shown that the GRIPS 5/6
quantified by ECMWF operational analysis. A region of in- instruments are able to measure signals in the period range
creased CAPE and therewith strong thunderstorm potential iof low frequency infrasound. The most likely sources of
centered at about 4% and 12 E, which is located 300 km these detected signals are so-called mountain associated in-
southward of the instrument and approximately 150 km fromfrasound waves generated by the orography of the Alps and
the center of the instrument’s field of view in the mesopausemeteorological sources such as thunderstorms.
region. Infrasonic waves generated of the described thunder- It is concluded, that the measurement system GRIPS 5/6
storm source reach the field of view in a 150 km distance ass in principle suitable for the detection of geo-hazards pro-
seen in Fig. 6 and could therefore be detected by GRIPS SBlucing infrasound. The deployment of GRIPS as an ad-
(see Fig. 11). ditional component in multi-hazard early warning systems
Figure 13 shows the temperature time series for the seccould therefore increase the reliability of such systems.
ond half of the night from 2 to 3 November 2008, based However, further work is heeded to set up an operational
on 1691 spectra in 15s intervals. Especially the time framesystem for this purpose. The expansion of the measurement
near 04:00 UTC indicates short period wave activity betweensystem to include the observation of a second airglow layer
30 and 90 s over at least 15 min of continuous duration (seén an altitude range of 90-100km is desirable in order to
Figs. 14 and 15). Orographical sources are a potential exgather more information about the properties of the observed
planation for these signals. The so-called “mountain assoinfrasonic waves. This could be achieved by coupling an O
ciated waves (MAWSs)” are orographically generated infra- Photometer to the GRIPS instrument. It is also highly desir-
sonic waves in a typical period range of 20 to 60 s (e.g. Wil-able for this purpose to expand the existing GRIPS system re-
son and Olson, 2003). These lee waves occur when air igarding the capability of measuring airglow during daylight
forced over a mountain ridge and is redirected vertically (e.g.to provide continuous 24 h surveillance.
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In addition to the instrumental extension, the above- and middle atmosphere decadal variations, J. Atmos. Sol.-Terr.
mentioned numerical infrasonic wave pattern recognition al- Phy., 64, 1147-1166, 2002.
gorithm has to be further improved to better discriminate su-Blanc, E.: Observations in the upper atmosphere of infrasonic
perimposed infrasound signatures in the airglow temperature Waves from natural or artificial sources - A summary, Ann. Geo-
records originating from different sources. Furthermore, the Ehy.s/'/’ 3, 673-687, 15;85' 13/673/1985)/
infrasound propagation modeling approach should be cou-, NtP:/www.ann-geopnys.net _
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