Gerardus Läslo 
  
Evers 
email: evers@knmi.nl
  
Johannes Schweitzer 
email: johannes@norsar.no
  
L G Evers 
  
  
  
  
  
A climatology of infrasound detections in northern Norway at the experimental ARCI array

Keywords: Infrasound, Array, Signal detection, Source identification, Acoustic propagation lightning, meteors, oceanic waves, earthquakes, 58 severe weather, volcanoes, and sprites. Among

The study of infrasound is experiencing 1 a renaissance in recent years since it was chosen 2 as a verification technique for the Comprehen-3 sive Nuclear-Test-Ban Treaty. Currently, 60 infra-4 sound arrays are being installed to monitor the 5 atmosphere for nuclear tests as part of the Inter-6 national Monitoring System (IMS). The number 7 of non-IMS arrays also increases worldwide. The 8 experimental ARCES infrasound array (ARCI) is 9 an example of such an initiative. The detectabil-10 ity of infrasound differs for each array and is a 11 function of the array location and configuration, 12 the state of the atmosphere, and the presence of 13 natural and anthropogenic sources. In this study, 14 a year of infrasound data is analyzed as recorded 15 by ARCI.

Introduction

Infrasound was first discovered after the violent eruption of the Krakatoa, Indonesia, in 1883. Low-frequency pressure waves were observed at traditional barographs. These appeared to have traveled with the sound speed and up to four passages where noticed at some instruments (Symons 1888). The first microbarometer recordings date from 1908 when a comet, or asteroid, exploded over Siberia in Russia, the so-called Tunguska event (Whipple 1930). The societal and scientific interest in infrasound increased during World War I, e.g., Whipple (1939), and later on in the nuclear testing era [START_REF] Posey | Estimation of nuclear explosion energies from microbarograph records[END_REF]. With the The propagation of infrasound through the highly dynamic atmosphere plays an important role in source identification. Infrasound travels up to thermospheric altitudes of 120 km and experiences refractions due to an increase in wind and/or temperature as a function of altitude. If the gradients in the propagation velocity are strong enough, infrasound will be sent back to the Earth's surface [START_REF] Drob | The global mor-558 phology of infrasound propagation[END_REF]. There are three regions in the atmosphere where such gradients might exist. These are of importance in long-range sound propagation, i.e., over distances larger than 150 km. The regions are marked by (1) a strong jet stream at 10 km altitude, near the tropopause; (2) the combined effect of wind and temperature at the stratopause, around 50 km altitude; and (3) the temperature increase in the thermosphere from 100 km and upward. The aim of this study is to identify the sources around the ARCES array and to build up a climatology of station-specific detections. Each infrasound array has its own detection capabilities as its configuration, the atmospheric conditions, and source characteristics are highly variable as function of geographical location and time. Special attention will be paid to the low-frequency band of 0.1 to 1.0 Hz which is of utmost importance for the verification of the CTBT as small-sized nuclear tests (around 1 kT TNT) are expected to generate infrasound of 0.1 to 0.2 Hz [START_REF] Evers | Listening to sounds from an exploding meteor and oceanic waves[END_REF].

It is also this band in which the almost continuous background noise of microbaroms is present that peak around 0.2 Hz [START_REF] Posmentier | A theory of microbaroms[END_REF]).

The ARCES infrasound array

A three-element experimental infrasound array was established at ARCES in March 2008, which will be abbreviated as ARCI [START_REF] Roth | Setup of an experimental infrasound deployment within the ARCES array[END_REF].

The purpose of the installation is to gain experience with the simultaneous recording of infrasonic and seismological data. The detections of coherent infrasonic signals trav-133 eling over the array can be achieved by evaluating 134 the Fisher (F) ratio. The F detector has been 135 described in both the time ( 

Detections in the low-frequency band

Figure 5 shows the results of the previously described processing approach for ARCI data in the low-frequency band between 0.1 and 1.0 Hz. The lower frame shows the maximum Fisher ratio for each bin. This value is related to the squared signal-to-noise ratio (SNR) on the traces (see axis on the right). The middle and top frames show the resolved apparent sound speed and backazimuth. Color coded are the number of detections within an hour, where five or more detections are denoted by red. Here, only detections with a SNR larger than 1.0 are plotted, which equals a Fisher ratio of four and higher. Such a detection from this figure that events from the west are more easily detected in winter as the stratospheric winds are favorable for such propagation. Events from the east are better detected in summer, but some show up in wintertime. The detections of sources which are not affected by the direction of the polar vortex probably find their origin close to the array, i.e., at distances less than 150 km, where tropospheric propagation is still dominant.
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Consequences for the low-frequency band

In Fig. 5, the wind direction at 50 km altitude is superimposed on the resolved backazimuths, for the low frequency band. Clearly, the detection of coherent infrasound is guided by the stratospheric wind. In winter, microbarom energy from the Northern Atlantic Ocean is recorded. As the winds turn around the equinox, microbarom energy from the east is being detected.

As can been seen in Fig. 6, an abrupt change in the winds and temperature occurred in the winter of 2009, between late January and early February. Such changes are related to a major sudden stratospheric warming (SSW; [START_REF] Holton | An introduction to dynamic meteorology[END_REF]). The temperature increases by 50 • C in the stratosphere, in only a couple of days, and the polar vortex changes its direction. The major SSW also had its effect on the infrasound detections (see also Fig. 5). Suddenly, microbaroms from the east are detected because of the change in direction of the polar vortex, which is unusual in winter [START_REF] Evers | Infrasonic signature of the 2009 major sudden stratospheric warming[END_REF].

Variability in the boundary layer

The state of the boundary layer above the array can cause de-correlation of the signals. A turbulent atmosphere affects the signal coherency which leads to a decrease of the detection capability. The summer boundary layer is far more turbulent than the winter one. Heating of the boundary layer due to solar radiation generates a high degree of mixing. This effect is also visible on a daily scale where the nighttime boundary layer stabilizes as the influence of solar radiation decreases. [START_REF] Posmentier | A theory of microbaroms[END_REF]. To accurately predict the generation of microbaroms, the directional spectra of oceanic waves should be evaluated to identify the almost oppositely traveling waves and their periods [START_REF] Kedar | The origin of deep ocean microseisms in the North Atlantic Ocean[END_REF]). Here, it is assumed that the waves are interacting near the maximum of the squared multiplication of the wave height and frequency. This allows for an efficient calculation, to get an indication of the source activity (Evers Ocean, from 12-hourly oceanic wave models provided by the ECMWF. The source intensity, I S , is also estimated. The observed backazimuths of the infrasound and direction of microbarom activity coincide throughout the seasons. The detection of microbaroms is also clearly related to the direction of the stratospheric winds [START_REF] Garcés | On using ocean swells for continuous infrasonic measurements of winds and temperature in the lower, middle, and upper atmosphere[END_REF][START_REF] Pichon | On using infrasound from interacting ocean swells for global continuous measurements of winds and temperature in the stratosphere[END_REF]. During the SSW which occurred in the winter of 2009, there is a sudden change in resolved backazimuths. Microbarom energy from the Pacific Ocean is detected, during Seismic data from the ARCES array (see Fig. 1) are processed to detect energy from microseism. The processing sequence is as follows:

-Band-pass filter with a third-order Butterworth filter with corner frequencies of 0.1 and 0.4 Hz.

-Decimate the data with a factor of 8, from a 40-to 5-Hz sampling rate.

-Split the data in a window of 20 s.

-Apply a frequency-wavenumber analysis, between 0.15 and 0.25 Hz, by moving this window with 6 s.

-Calculate a beam and measure the maximum amplitude in the window.

The array response of ARCES for a 0.2-Hz planar wave is given in Fig. 2. At such low frequencies, the main lob is quite broad but its maximum can still be determined with enough accuracy for this study, since only a rough estimate (±5 • ) of the backazimuth is sufficient. The detections of microseism at ARCES are shown in Fig. 9. A total of 6.4 million coherent seismic arrivals are detected between 0.15 and 0.25 Hz. This number is band. These seasonal changes are also partly visible in the high-frequency band. In winter, the sources to the west are detected while preference is given to sources in the east during summer. The state of the boundary layer, or turbulence and low-level winds, partly determines the signal coherency. In summer, there is a daily variation caused by the influence of solar radiation. A more stable boundary layer during nighttime leads to less coherency loss.

In addition, microbarom activity has been estimated by evaluating the ocean wave height and period. ARCI is sensitive to microbaroms from the Atlantic Ocean in winter. Microbarom energy from the east is detected during summer. This anisotropic behavior was also identified during a period of only a couple of days, related to a SSW. A sudden change was noted from the detection of microbarom energy from the Atlantic Ocean to those from the Pacific Ocean.

The importance of taking into account both the characteristics of the medium and the source is illustrated by comparing Figs. 5 and8. The detections move from west (270 • ) to northwest (330 • ) during March and April 2008. It follows from Fig. 8 that the sources, microbaroms in the Atlantic Ocean, are occurring with a more or less stable backazimuth between 270 • and 300 • . The stratospheric wind, on other hand, is varying from southwest to north during this period. Therefore, this change in the resolved backazimuths should be attributed to the wind which enables the detection of an unknown source to the south of ARCI.

Another change is visible, in Fig. 8, between October 2008 and April 2009. The resolved backazimuths tend to move somewhat from the northwest to the west. The cause should be related to the source, as the wind shows no evidence for such translation. Whether this change relates to the southward movement of sea ice during winter remains to be investigated. It is hypothesized that the sea ice blocks the northward propagation of oceanic waves. Consequently, the generation of microbaroms is limited up to a certain longitude. This is also indicated by the microseism detections. The source seems limited in its northward propagation during winter (see Fig. 10).

The seasonal variations in microbarom detections also follow from the comparison with the
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 1 Fig.1The location of the ARCES seismic array and positions of the seismometers (gray dots). The temporary array ARCI is configured with three microbarometers (red

  Figure 1 shows the location and configuration of ARCI. The instruments are microbarometers of type Martec MB2005 which have a flat frequency response to pressure in the range of 0.01 to 27 Hz. Infrasound measurements are affected by noise due to wind.Therefore, a spatial filter is applied at each instrument which essentially integrates the pressure field. Doing so, pressure fluctuations with a small coherency length, like those of tens of centimeters associated with wind noise, are partly canceled out. The infrasonic waves of interest remain undisturbed because of their much larger coherency length of tens to hundreds of meters. Such analog filters can consist of a pipe array with discrete inlets or porous hoses[START_REF] Hedlin | Evaluation of rosette infrasonic noise-reducing spatial filters[END_REF]. The latter approach is applied at ARCI with four soaker hoses, each with a length of 12 m, connected to the MB2005. For one of the three sites, the hoses are additionally centered in a drainage pipe. Environmental restrictions at the ARCES array prevent the installation of larger pipe arrays that require fencing. The applied noise reduction should be considered as minimal. The atmospheric pressure changes around ARCI are sampled at a rate of 129
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 2 Fig. 2 The array response of ARCI to a 0.2-and 1.0-Hz planar wave (left two frames). The black circle represent an apparent velocity of 340 m/s. The array response of
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 34 Fig.3Results from the array processing of ARCI data in the high-frequency band of 1.0 to 7.0 Hz. The histograms shows the time of occurrence of infrasound events, betweenMarch 13, 2008 and May 14, 2009. Light blue colors indicate events with an signal-to-noise ratio (SNR) larger
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  Figure6shows the wind and temperature near 268

  287 4.2.1 Consequences for the high-frequency band 288 For the high-frequency band, a distinction is made 289 between summer and winter in Fig. 4. It follows 290
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 767 Figure7shows the signal coherency, by means of the Fisher ratio, for July and October 2008

  Figure8shows the backazimuths in the direction 380
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 89 Fig. 8 An estimate of the microbarom activity in the Atlantic (black dots) and Pacific Ocean (green dots). The dots give the directions, i.e., backazimuths, to the Atlantic and Pacific maxima. The retrieved directions, in the lower

Fig. 10

 10 Fig. 10 The occurrence of microseism at the ARCES array. Detections are contoured as function of time and backazimuth. The detections are averaged per hour and one or more detections are indicated by red colors

  

  

  

-Split the data in segments of 256 samples,

which equals a bin of 12.8 s.

-Evaluate the Fisher ratio for each beam in

each bin (with 50% overlapping bins).

-Extract the slowness value, i.e., the backaz-170 imuth and apparent sound speed, at the maxi-171 mum Fisher ratio, for each bin.