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Abstract
On 11 March 2021, a quite short strong signal was recorded by seismic stations of the CICESE Seismic Network, which 
cannot be associated with any regional or global earthquake. At the CICESE Campus and all along the city of Ensenada, in 
Baja California, Mexico, people reported vibration of the windows and even a short strong rumbling. Fortunately, houses 
and buildings did not report any damage. Due to the interaction between the atmosphere and the shallow earth surface, this 
anomalous atmospheric activity produced a special seismological footprint, with frequencies between 1 and 10 Hz. In this 
manuscript, we report on the observations of a multiparameter dataset, including seismic data along with wind velocity, 
wind density, temperature, humidity, atmospheric pressure, and THSW index. The atmospheric perturbation wave was 
strong enough to be clearly recorded by seismic stations within an area of almost 80 km and to produce some changes in 
the recorded meteorological parameters. The results from an FK analysis show that the atmospheric activity occurred to 
the south of Ensenada City and travelled to the north, as shown in the seismic records. We discuss the characteristics of the 
seismic signals in the frequency domain and the relation to the changes in the atmospheric parameters that could be related 
to this anomalous atmospheric activity.
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Introduction

In general, seismic waves are generated by earthquakes and 
their frequency content depends on the magnitude of the 
earthquake: the larger the magnitude of the earthquake, 
the lower the frequencies its seismic waves can reach. 

Additionally, seismic signals are produced by a variety of 
natural and anthropogenic phenomena and sources (Fig. 1). 
For the frequencies of seismic interest (0.001–100 Hz), the 
seismological footprint of atmospheric and meteorologi-
cal events, that occur near a seismological station, can be 
recorded and has a large influence on the ground motion 
(Alejandro et al. 2020; De Angelis and Bodin 2012; Gualt-
ieri et al. 2018; Lott et al. 2017; Ritter and Groos 2007; Tani-
moto and Valovcin 2016; Zürn and Meurers 2009). However, 
the relation between seismic signals and the characteristics 
of atmospheric and meteorological events is still not fully 
clear (Gualtieri et al. 2018; Zürn and Meurers 2009; Zürn 
and Widmer 1995). First, because of the complexity of the 
frequency-dependent energy transfer between the system 
atmosphere–ocean and solid earth (Gerstoft and Bromirski 
2016), and because of the barometric pressure that can cause 
ground motion amplitudes up to ~ 2 µm, particularly over 
complex terrains (Holub et al. 2009) and frequencies down 
to ~ 3.5 mHz (Zürn et al. 2007; Zürn and Meurers 2009; 
Zürn and Wielandt 2007).

In general, the seismic signals generated by non-earth-
quake sources are called seismic noise. Several studies 
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(Alejandro et al. 2020; Ebeling and Stein 2011; Eibl et al. 
2017; Gualtieri et al. 2018; Inbal et al. 2018; Lott et al. 2017; 
Meng et al. 2019; Meng and Ben‐Zion 2018; Naderyan et al. 
2016; Ritter and Groos 2007) have focussed on the identifi-
cation and characterization of different sources in terms of 
duration, frequency content, frequency vs. time behaviour, 
coherency between atmospheric and seismic signals and 
even on the possibility to remove them from the recorded 
wavefield (Zürn et al. 2007; Zürn and Widmer 1995). Other 
studies have focussed on the location and monitoring of 
near-surface natural or anthropogenic seismic sources (Bus-
sert et al. 2017; De Angelis and Bodin 2012; Estrella et al. 
2017; Flores et al. 2016; Friedrich et al. 2018; Gassenmeier 
et al. 2014; Larose et al. 2015). Moreover, the localization 
of "storm-quakes" as part of microseismicity (Fig. 1) has 
recently attracted attention (Fan et al. 2019; Gerstoft and 
Bromirski 2016; Guo et al. 2020).

Considering the natural non-earthquake seismic signal 
sources, we can see in Fig. 1 that the interaction between 
atmosphere–ocean and solid earth (atmosphere and mete-
orology in Fig. 1) plays the most important role, causing 
important seismic energy in the whole frequency interval 
of seismological interest. These sources can be separated 
into global sources that can be recorded no matter the loca-
tion of the station (seismic hum and microseismicity) and 
those whose effects are more local (wind, hurricanes, hail 
and rain).

The so-called seismic hum appears in frequencies 
between 0.002 and 0.03 Hz (Bormann and Wielandt 2013; 
Gerstoft and Bromirski 2016; Longuet-Higgins 1950) with 
weak amplitudes. The source mechanisms of the seismic 
hum are still not completely well understood (Haned et al. 
2016); however, it is assumed that the earth’s hum is gen-
erated by infragravity waves and the interaction of ocean 

waves with coastal waters (Bormann and Wielandt 2013; 
Gerstoft and Bromirski 2016).

The microseismicity can be divided into primary and 
secondary (Bormann and Wielandt 2013; Longuet-Higgins 
1950). Primary microseismicity is characterized by a peak 
centred between 0.04 and 0.17 Hz (Gerstoft and Bromirski 
2016), and it is generated in shallow waters and close to 
coastal regions due to the shoaling of ocean waves hitting 
the coastline (Bormann and Wielandt 2013; Gerstoft and 
Bromirski 2016; Holub et al. 2013). The noise excitation 
depends on different factors like the oceanic wave intensity, 
the intensity of their interferences as well as on the seafloor 
topography (HK Gupta 2011). Secondary microseismicity 
is characterized by a peak between 0.08 and 0.34 Hz and 
has higher spectral amplitudes than primary microseismic-
ity (Bormann and Wielandt 2013; Gerstoft and Bromirski 
2016; Holub et al. 2013). According to Borman and Wie-
landt (2013), it is generated by the superposition of ocean 
waves that have the same period but opposite travelling 
directions at the seafloor, responding to coupling effects 
of released atmospheric energy and oceanic gravity waves, 
which generates pressure fluctuations in the water column 
and that does not decay with depth (Ebeling and Stein 2011; 
Longuet-Higgins 1950).

The energy sources coming from meteorological events 
(including hurricanes, wind, rain and hail), in general, are 
more local, except for extreme hurricanes. In some cases, 
extreme meteorological events produce seismic signals with 
amplitudes like those of strong earthquakes at teleseismic 
distances (Ritter and Groos 2007) or can act as point sources 
with equivalent earthquake magnitudes greater than 3.5 (Fan 
et al. 2019). Their signal features (e.g. frequency content 
and amplitude) depend not only on the characteristics of the 
windblasts, like velocity, gusts, or direction, but also on the 

Fig. 1  Natural and anthropogenic events that originate seismic signals 
(after M. Weber, personal communication). In the frequencies of seis-
mic interest (0.001 – 100 Hz), different sources are overlapped, which 

makes difficult to analyse specific interesting events (Bard 1999; Bon-
nefoy-Claudet et  al. 2006; Larose et  al. 2015; McNamara and Boaz 
2019)
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pressure changes related to orography, on the topography 
itself, and even on local conditions like site effects (Alejan-
dro et al. 2020; De Angelis and Bodin 2012; Gerstoft and 
Bromirski 2016; Gualtieri et al. 2018; Holub et al. 2009; 
Lott et al. 2017).

In this manuscript, we report on the observations and 
analysis of seismic signals caused by sudden short atmos-
pheric signals, recorded by some stations of the CICESE 
seismological network, near the city of Ensenada, in Baja 
California, Mexico. We consider a multiparameter dataset 
including seismic data, atmospheric pressure, wind density, 
wind speed, humidity, temperature, and THSW index. We 
discuss the characteristics of the seismic signals in the fre-
quency domain exploring their spectrograms, and together 
with meteorological data we explore possible changes in 
these parameters that could be due to the anomalous atmos-
pheric activity. Finally, using FK analysis we determine its 
origin direction.

CICESE seismological network

The CICESE (Centro de Investigación Científica y de Edu-
cación Superior de Ensenada, Baja California) is the main 
geoscience institute in Northwestern Mexico; among other 
academic and scientific activities, the CICESE is responsible 
for the monitoring of the seismicity in Baja California, Mex-
ico. In this region, the seismic activity is controlled by the 
interaction between the North American and Pacific plates 
which have a lateral-divergent relative motion (Fig. 2). In 
general, the magnitude of the most common recorded earth-
quakes varies from 2.0 to 5.0, with focal mechanisms that 
have lateral and normal components. Several earthquakes 

with M ≥ 7.0 have occurred in this region, the last one on 
4 April 2010, with Mw = 7.2, named the Mayor-Cucapah 
earthquake (Castro et al. 2011). The fault system in the 
northern part of Baja California is composed of at least 
seven major faults and several smaller faults, becoming a 
complex system of the Pacific-North America plate bound-
ary (Fletcher et al. 2014).

The CICESE Seismological Network (RSC, Red Sismo-
logica del CICESE) main objective is to detect, record and 
catalogue the seismic activity that occurs in the north-west-
ern part of Mexico: northern Baja California, north-western 
Sonora, the southern region of the state of Baja California 
Sur, the Gulf of California and Nayarit. RESNOM (Red Sis-
mica del Noroeste de Mexico) is a broad-band sub-network 
that belongs to the RSC and is formed by 27 stations; for this 
study, we consider the RESNOM broad-band stations where 
the seismological footprint of the atmospheric perturbation 
was clearly recorded (Fig. 3).

Seismological and meteorological data

On 11 March 2021, just before 20 h (UTC) a short strong 
signal was reported with vibration of windows and even a 
short strong rumbling. This phenomenon was not associated 
to any regional or global seismic event. We looked for a seis-
mological footprint on the broad-band stations of RESNOM 
network, that we could relate to this signal to explore its 
spectral features and the link to atmospheric phenomena. 
We identified this sudden strong atmospheric signal in four 
broad-band stations: PBX, CCX, CBX, from RESNOM 
network and station TJIG from the Mexican Seismological 

Fig. 2  Interaction of the plate tectonics located in Mexico. Arrows 
indicate the plate motion relative to North American plate, yellow 
Pacific, green Rivera, and red Cocos; and numbers indicate the plate 
velocity in cm/year. Yellow star marks the city of Ensenada, where 
the CICESE campus is located (after Ávila-Barrientos and Nava 
2020)

Fig. 3  Seismological stations where the seismological footprint of the 
atmospheric perturbation on March 11 was clearly recorded. Stations 
PBX, CCX, and CBX belong to the CICESE seismological network 
(RSC). Station TJIG belongs to the Mexican Seismological National 
Survey network (SSN)
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National Survey network (SSN 2021) (Fig. 3 and Table 1). 
We also looked at the data from the CICESE meteorological 
station, located at the same campus as station CCX.

Seismic noise data and methodology

The stations in Table 1 record continuously with 100 sam-
ples per second all the signals produced and generated by 
the sources depicted in Fig. 1. After looking at all broad-
band stations incorporated into RESNOM, we identified the 
anomalous signal on the records of the four stations men-
tioned above (Fig. 3 and Table 1). We processed the signals 
by removing the instrumental response, detrend them and 
applied a bandpass filter between 0.1 and 25 Hz. For every 
motion component, we obtained spectrograms, to have a vis-
ual representation of the power variation (given in dB/Hz) of 
each frequency with time. We used Obspy (Beyreuther et al. 
2010) for the pre-processing and to obtain the spectrograms. 
In Fig. 4, we show the time signals and the spectrograms of 
the three motion components of station CCX, located at the 
CICESE Campus, for 11 March 2021 between 18:30 and 
21:30 h (UTC). In the time series, there is no visible change 
in amplitude around 20 h. However, in the spectrograms, 
short before 20 h a band between 1 and 10 Hz with incre-
mented power appears in all three components.

In Fig. 5, we show the spectrograms of stations PBX, 
CCX, CBX and TJIG for 11 March 2021, between 18:30 
and 21:30 h. The background noise level is relatively higher 
(frequencies with higher power) at station CCX; this can be 
explained because of all the urban (anthropogenic) noise 
near and around the station, located in the CICESE Campus. 
Short before 20 h, the anomalous signal is recognizable at all 
stations; on all the vertical components, this signal is clearly 
identifiable. At station PBX, it has the longest time length. 
At station CBX, this signal has the strongest power in com-
parison with all the observed stations and relatively to the 
background noise. In the horizontal components, the signal 
is visible at stations PBX, CCX and CBX but not at station 
TJIG. On the component NS at stations PBX and CBX, this 
signal is stronger as on the EW component. At station CBX, 

there is no power clear differences between components NS 
and EW, probably because of the higher background noise. 
In what follows, we consider the vertical components of the 
four stations.

Meteorological data

To correlate this anomalous signal with possible atmos-
pheric disturbances, we employed the data recorded by 
the meteorological station located at CICESE Campus, in 
Ensenada. We considered the data of atmospheric pressure 
[mbar], the air density [kg/m3], the wind speed [m/s], the 
humidity in %, the temperature [°C] and the THSW index. 
The THSW index uses humidity, temperature, solar radia-
tion and wind speed to calculate an apparent temperature 
(Table 2).

In Fig.  6, we show the variations of meteorological 
parameters in Table 2, between March 10 and 13. These data 
are measured every five minutes. Meteorological parame-
ters usually have a 24-h periodicity (De Angelis and Bodin 
2012), which is easily identifiable in the most upper panel in 
Fig. 6 that shows temperature and THSW index. The verti-
cal rectangle in Fig. 6 marks the time when the anomalous 
short signal occurred, although any abrupt changes in the 
meteorological parameter are visible. However, in the bot-
tom panel of Fig. 6 we mark with arrows some changes in 

Table 1  Seismological stations that recorded the seismological foot-
print of the atmospheric perturbation on 11 March 2021. Stations 
PBX, CCX, and CBX belong to the CICESE seismological network 
(RESNOM). Station TJIG belongs to the Mexican Seismological 
National Survey network (SSN)

ID Latitude Longitude Elevation Location Network

CBX 32.3131 − 116.6630 1238 Cerro Bola RESNOM
CCX 31.8680 − 116.6640 40 CICESE RESNOM
PBX 31.7414 − 116.7250 351 Cerro Punta 

Banda
RESNOM

TJIG 32.4334 − 116.6762 317 Tijuana SSN

Fig. 4  Seismic signals recorded at station CCX, located at CICESE 
Campus, on 11 March 2021, between 18:30 and 21:30 and their 
spectrograms. Short before 20 h, a strong short signal is visible with  
a higher power in the three motion components in frequencies 
between 1 and 10 Hz
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the periodicity of the atmospheric pressure and the air den-
sity. For the wind density, it can be seen a 24-h periodicity 
with similar values for 10 and 11 March, but after the time 
marked with the rectangle, this value increases and keeps 
an increasing trend. To better understand these changes in 
some of the meteorological parameters and assuming a 24-h 
periodicity, we analyse the data for the same daytime for the 
three days.

Fig. 5  Spectrograms for the three motion components of stations 
PBX, CCX, CBX and TJIG, on 11 March 2021, between 18:30 and 
21:30 h (UTC). The anomalous signal short before 20 h is well identi-

fiable in the vertical component of all stations, not so for the horizon-
tal components of station TJIG

Table 2  Meteorological 
parameters from station CCX, 
located at CICESE Campus, 
considered for our analysis

Parameter Units

Atmospheric pressure mbar
Wind density kg/m3

Wind speed m/s
Humidity %
Temperature °C
THSW Index –
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In Fig. 7, we show the changes on the meteorological 
parameters for three days, between 18:30–21:30 h; the dot-
ted line shows the values for March 10, the solid line for 

March 11 and the dashed line for March 12. In the bottom 
panel, for the atmospheric pressure, it is clear that for the 
first two days the values are almost identical, but the values 
for March 12 are more than 4 mbar higher. For the wind 
density, we have similar behaviour, the values for the third 
day were higher than the first two days. For March 12, the 
wind speed becomes more instable, especially around 20 h 
there are two abrupt changes, which can be associated with 
the variability of THSW index around the same time. The 
humidity diminishes for March 12, but there are no abrupt 
changes, and in the temperature data there are also no visible 
abrupt changes in the trend.

In Fig. 8, we show the spectrograms for the vertical com-
ponents of the seismic noise data together with the meteoro-
logical data, for March 11, between 18:30 and 21:30 h, with 
a vertical rectangle we marked the seismological footprint in 
the spectrograms and for the meteorological parameters. The 
discussion of this figure is in the following section.

Discussion

The seismic noise data and the meteorological data pre-
sented in this study offer an opportunity to investigate the 
seismological footprint of a sudden strong atmospheric per-
turbation and to contribute to the knowledge about the inter-
action between the atmosphere and the solid earth.

The seismic noise data we use have a sampling frequency 
of 100 samples per second (0.01 Hz), while meteorologi-
cal data are sampled every five minutes (0.003 Hz), which 
makes impossible a cross-correlation analysis as presented 
by Alejandro et al. (2020). Although it is not possible to 

Fig. 6  Meteorological param-
eters as measured on CICESE 
Campus meteorological station, 
between March 10 and 13. The 
long rectangle marks the time 
when the anomalous signal was 
recorded on the seismological 
stations. From this time on, an 
increment in the atmospheric 
pressure and the wind density is 
identifiable

Fig. 7  Meteorological parameters as measured at the meteorologi-
cal station located in CICESE campus between 18:30 and 21:30 h on 
three consecutive days. The major changes appear in the atmospheric 
pressure, wind density, wind speed, humidity, and THSW index
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identify a sudden change in the meteorological data, Fig. 7 
shows a change in the values for March 12. Therefore, we 
can investigate the simultaneously variation of the seismic 
signal power and the meteorological data.

In Fig. 8, we show the spectrograms for the vertical com-
ponents of the seismic noise data together with the meteoro-
logical data. From the spectrograms, it can be seen that the 
signal appears almost at the same time in PBX and CCX, 
but the duration is longer at PBX; a clear time delay is vis-
ible between station PBX and station TJIG, which is located 
almost 90 km to the NNE. Although, in this short time win-
dow when the seismic signal is well marked, there is no evi-
dence of abrupt changes in the meteorological parameters; 
there are some visible particularities in the data: the tem-
perature and the THSW index show a slight decrease; after 
the seismic signal, they seem to increase again. The humid-
ity remains constant before and during perturbation and 
increases after it. No changes are observed in the wind den-
sity parameter, and in the atmospheric pressure, they seem 
to be constant before, during, and after the perturbation. The 

major change is identifiable in the wind speed, it decreases 
to a minimum (marked with an arrow in Fig. 8), and after-
wards, it increases again.

We assume this change in the wind speed is due to the 
atmospheric perturbation shock wave, which displaces the 
air around the meteorological station. This shock wave, 
which caused strong rumbling and windows vibration, was 
powerful enough to be recorded by the seismic instrumenta-
tion, even 100 km away.

A possibility to determine the features of the seismologi-
cal footprint of the atmospheric perturbation, i.e. origin posi-
tion and propagation velocity, is the FK analysis (Capon 
1969).

FK analysis

The FK (frequency-wave number) analysis was proposed by 
Capon (1969) to detect nuclear explosions using the seismic 
network LASA (Okada 2003). Nowadays, it is one of the 
most commonly used techniques for the analysis of seismic 
noise signals recorded by arbitrary array geometries, at both 
small and large scales (Gal et al. 2014; Picozzi et al. 2010; 
Schweitzer et al. 2012; Wathelet et al. 2008), as it provides 
an estimation of the slowness and the directivity of seismic 
waves.

The FK analysis assumes that the seismic noise wave-
field is formed by planewaves travelling across or along the 
instrumental array (Wathelet et al. 2008). For waves with a 
specific frequency f, the time delays between stations can 
be calculated to shift the phases in the frequency domain. 
The analysis output is given by the summation of the shifted 
signals and will have a maximum if the waves travel with 
the same direction and velocity (Capon 1969; Wathelet et al. 
2008). In the wave number plane (kx, ky), the location of this 
maximum corresponds to the velocity and the azimuth of 
the travelling waves across the array (Wathelet et al. 2008).

In Fig. 9, we show the time signals and the spectrograms 
for the signals recorded on March 11, between 19:40 and 
20:10 h, by the RSC stations PBX, CCX and CBX and the 
SSN station TJIG. In the time signals, there is no clear evi-
dence of any particular signal. However, in the spectrograms 
the abrupt signals are evident in all stations, and it is clear 
that it arrives first to station PBX and then continues the 
travel to the rest of the stations. We analysed these signals 
with FK method for frequencies between 3 and 7 Hz, with 
300 s window length, using Obspy (Beyreuther et al. 2010).

In Fig. 10, we show a polar plot with the FK results. 
The relative power is summed and plotted in gridded bins, 
that are defined by backazimuth and slowness of the ana-
lysed signal part, the backazimuth is counted clockwise 
from north. The colour scale corresponds to the relative 
power. The maximum of the beam power is located on a 
backazimuth ~ 180° and has an estimated slowness between 

Fig. 8  Spectrograms for stations PBX, CCX, CBX and TJIG and the 
meteorological parameters measured at station CCX, between 18:30 
and 21:30 on March 11. The vertical rectangle marks the time (short 
before 20:00 h) when the strong signal is visible in the spectrograms 
of all stations. The arrow marks a minimum in the wind speed value. 
More details in the text
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2.75–3 s/km. This result confirms the observation in Fig. 9; 
that is, the signal comes from the south of our lineal array 
and travels across our stations. Furthermore, signals coming 
from SW have also the same slowness, but the relative power 
is lower than those from the south.

Conclusions

The abrupt strong atmospheric disturbance that occurred on 
March 11, short before 20 h, caused strong rumbling and 
vibrations in some windows. Though no damage or ground 
motion was reported, the interaction of the atmosphere with 
the solid earth generated seismic signals that were recorded 
in some stations of the RSC network and SSN. This signal is 
well identifiable in the vertical components of four stations, 
with frequencies varying between 1 and 8 Hz. In some sta-
tions, it is also visible in of the horizontal components, but 
probably it is masked by stronger signals.

Although the meteorological data do not show strong 
abrupt changes on March 11 around 20 h, a minimum in the 
wind speed short before the first waves arrive to PBX sta-
tion, could be associated with the displacement of air around 
the meteorological station, due to the atmospheric perturba-
tion shock wave.

Fig. 9  Seismograms and spectrograms of the vertical component for 
stations PBX, CCX, CBX and TJIG between 19:40 and 20:10 on 
March 11. It can be seen that the signal arrives first to station PBX 

and continues its travel to the other stations. We analysed these sig-
nals with FK method between 3 and 7 Hz using Obspy (Beyreuther 
et al. 2010)

Fig. 10  Output for the FK analysis for the seismic signals in Fig. 9. 
The FK analysis was applied for windows with 300 s length, for fre-
quencies between 3 and 7 Hz. The results show the maximum beam 
power at a backazimuth of ~ 180° with slowness between 2.75 and 
3 s/km
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The spectrograms of the signals show that it is recorded 
first on station PBX and then continues the travel to the 
north. This is confirmed by the results of an FK analysis 
for the signals between 19:40 and 20:10 h and considering 
frequencies between 3 and 7 Hz. We can conclude that the 
interaction between the strong abrupt atmospheric signal 
and the solid earth started south of the city of Ensenada 
and propagated to the north with a slowness around 2.7 and 
3 s/km.

Based on our results, we can speculate that the atmos-
pheric disturbance originated near station PBX, on Punta 
Banda peninsula, at the southern boundary of Todos Santos 
Bay. The topography of Punta Banda may have acted as a 
barrier, projecting the energy to the north, as we demonstrate 
with our analysis. We consider the role of hydrology negli-
gible in the origin of the disturbance, because in the Punta 
Banda area there are only two small creeks, which could not 
cause a detectable signal several tens of kilometres away.

With this study, we demonstrate that the interaction of 
short abrupt atmospheric activity with the solid earth also 
generates enough energy that propagates as seismic waves 
that can be recorded by broad band stations as far as 100 km 
away.
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