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How a non-harmonic-like tremor at a volcanic lake could be caused by
sustained wind: A case of study of Taupō volcano
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ABSTRACT
Taupō volcano lies underneath the largest lake in New Zealand. It undergoes unrest roughly every ten years, has minor eruptions
every few hundred years, and has supereruptions. Understanding volcanic seismic signals provides insights into the volcano
dynamics and helps to anticipate eruptions. Harmonic and non-harmonic volcanic tremor are common signals that indicate fluid
mobilisation in volcanic systems. We observed a signal that resembled non-harmonic tremor during 2019 at Taupō volcano.
Careful time-frequency analysis of seismic data and weather data from around the lake revealed that the signals were not
magmatic in origin, but were most likely from lake microseisms caused by special conditions of the wind, which generates
wind-driven waves in the lake. The frequency range of lake microseisms at Taupō starts and ends with a dominant frequency of
0.7–1.0 Hz, and during the maximum energy peak, the dominant frequency is of 0.50–0.56 Hz. Such signals may be common in
caldera lakes, which need to be distinguished from tremor caused by volcanic activity, so as not to exaggerate the probability of
eruptions.

RESUMEN
El volcán Taupō se encuentra bajo el lago más grande de Nueva Zelanda. Presenta periodos de inquietud volcánica aproximada-
mente cada diez años, tiene erupciones menores cada pocos cientos de años y super erupciones raramente. La comprensión de
las señales sismo-volcánicas proporciona información sobre la dinámica del volcán y ayuda a la anticipación de las erupciones.
El tremor armónico volcánico y no armónico son señales comunes que indican la movilización de fluidos en los sistemas volcá-
nicos. Observamos una señal semejante a un tremor no armónico durante 2019 en el volcán Taupō. El análisis sísmico detallado
en el dominio de tiempo y frecuencia en el lago y datos climáticos revelaron que las señales no eran de origen magmático, pero
probablemente provenían de microsismos lacustres causados por condiciones especiales del viento, que generan oleaje en el
lago. El rango de frecuencia de los microsismos del lago en Taupō comienza y termina con una frecuencia dominante de 0,7 a
1,0 Hz, y durante el pico de energía máxima, la frecuencia dominante es de 0,50 a 0,56 Hz. Tales señales pueden ser comunes
en los lagos caldéricos y deben entenderse para que puedan distinguirse del tremor causado por la actividad volcánica para que
la probabilidad de erupciones no se sobreestime.

KEYWORDS: Volcanic lakes; Non harmonic tremor; Lake microseisms; Taupo volcano.

1 INTRODUCTION

Taupō volcano, part of the central Taupō Volcanic Zone (TVZ)
in the North Island of New Zealand, is recognised as one of the
world’s most productive areas for silicic magma in the Quater-
nary [Wilson and Rowland 2016]. This volcano is one of two
active calderas in the TVZ; [Wilson 1993], and has been active
since 300 ka (Wilson and Charlier [2009]; Figure 1). On top
of Taupō volcano lies Lake Taupō with an area of 622 km2
and a maximum depth of 165 m [Gilmour 1991]. Rapid ac-
cumulation of magma and abnormally fast separation of the
melt-dominant bodies in the TVZ have been attributed to the
magmatic and tectonic rift setting [Wilson and Charlier 2009;
Barker et al. 2014]. The youngest caldera-forming event at
Taupō, the Oruanui eruption, occurred 25.5 ka ago and evacu-
ated ∼530 km3 of magma [Wilson et al. 2006]. Reconstructions
of Oruanui and post-Oruanui eruptions exhibit fast (thousands
of years) regeneration and evacuation of Taupō’s magmatic
system [Wilson and Charlier 2009; Barker et al. 2014]. Ex-
plosive activity is frequent in the late Quaternary, and more
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evident in the Holocene, with 28 eruptions recognised since
the Oruanui eruption [Wilson 1993].

Recent unrest periods at Taupō volcano have been ob-
served, with approximately 22 unrest events in the past 141
years, of which five were classified as moderate [Potter et al.
2015; Illsley-Kemp et al. 2021], including the most recent pe-
riods in 2019 and 2022. These unrest periods are signified by
earthquake swarms, ground deformation, hydrothermal ex-
plosions, degassing, and changes in the geothermal system
[Potter et al. 2015; Illsley-Kemp et al. 2021; GeoNet 2022b].
A recent unrest period started in October 2018 and ended in
September 2019 with signs of crustal deformation and seis-
micity. It was classified as moderate in the Volcanic Unrest
Index for Taupō volcano (VUI) [Potter et al. 2015; Illsley-Kemp
et al. 2021]. Another unrest episode began again in May 2022,
evidenced by an elevated earthquake activity and ground de-
formation, which increased the Volcanic Alert Level to 1 in
September 2022 [GeoNet 2022a; b] and was lowered again in
May 2023 [GeoNet 2023]. Unrest at active volcanoes is often
associated with a wide range of seismic signals related with
fluid interaction [e.g. Konstantinou and Schlindwein 2003; Mc-
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Nutt 2005; Montegrossi et al. 2019], amongst them volcanic
tremor, but these have not previously been observed at Taupō.
Several classifications for volcanic earthquakes have been
proposed [e.g. Minakami 1974; Latter 1981; Ibáñez and Car-
mona 2000; McNutt 2005]. In general, these authors all agree
that there are four types of volcanic events that are defined by
their time and frequency characteristics. These are volcano-
tectonic (VT) events, low frequency or long period (LP) events,
volcanic tremors, and signals associated with eruptions and
explosions. Volcanic tremor is denoted as a continuous seis-
mic signal of long duration compared with earthquakes, in
which vibrations lasts from minutes to days [McNutt 2005].
Variations in frequency and time of volcanic tremor cause a
diversity of volcanic tremor types. Examples of this are: har-
monic tremors, characterised by spectrum peaks in a narrow
frequency band with overtones in a range of 0.1–12 Hz [Kon-
stantinou and Schlindwein 2003; McNutt 2005; Montegrossi
et al. 2019]; monochromatic tremor, related to a continuous
signal with a unique spectrum peak in a narrow frequency
band; and non-harmonic tremor referring to a continuous sig-
nal with variations in amplitude in a wide frequency band
without a defined spectral peak [Mori et al. 1989; Zobin 2011].
However, the existence of a large water-body on top of a
volcano may make the interpretation of these signals difficult,
as more sources of background seismic noise are available
within the lake which can be masked with volcanic tremor
[Subira et al. 2023]. These sources are related to anthropogenic
activities (boats, water pipes) and the interactions between the
lake, the atmosphere, and the solid Earth [Gualtieri et al. 2014].
Wind-generated seismic noise has been identified at frequen-
cies ≥2 Hz; these effects are due to interaction with ground,
trees, or water bodies [Smith and Tape 2019]. In addition, the
high attenuation across the region can cause volcano-tectonic
events (VT) to be mistaken for low frequency seismic signals
(LP), as demonstrated by Illsley-Kemp et al. [2022].
Low frequency seismic oscillations have been identified in
large lakes as the Great Slave Lake, Lake Ontario, the Great
Lakes, and Yellowstone Lake in North America, the Fuxian
Lake, Erhai Lake in China, and the Lake Malawi in Africa [Xu
et al. 2017; Anthony et al. 2018; Smalls et al. 2019; Farrell et al.
2023] caused by the interaction of the atmosphere, the lake,
and the bottom of the lake. These microseisms have been
identified as lake-generated microseisms and are analogous
to the ocean microseisms in terms of generation. The period
of sustained seismic signals at lakes are distinct in comparison
with the ocean microseisms, which range between 0.5–2 s [Xu
et al. 2017; Anthony et al. 2018; Smalls et al. 2019] for the lake
microseisms and 2–20 s for the ocean microseisms [Longuet-
Higgins 1950; Hasselmann 1963; Ardhuin et al. 2011].
Two mechanisms have been proposed as the cause of a
sustained seismic signal [Longuet-Higgins 1950; Hasselmann
1963; Ardhuin et al. 2011] for ocean microseisms: a linear and
non-linear interaction of water waves with the solid Earth, and
with opposite waves’ direction, respectively. Both interactions
produce changes in pressure at the bottom of the ocean that
causes the continuous oscillation of the ground. Two main
peaks are associated with the primary and secondary ocean
microseisms. The primary microseisms are caused by the in-

Figure 1: A summary map of the tectonic and volcanic features
at Taupō volcano. The inset figure shows the Australian and Pa-
cific Plate boundary [black lines; Coffin et al. 1997], the TVZ (or-
ange area) and the study region (red box). Oruanui and Taupō
structural calderas are shown in red and orange areas respec-
tively. The most recent volcanic vent is represented with a yel-
low star [Barker et al. 2021], and the active faults in the region
with grey lines [Langridge et al. 2016]. Locations of seismic
stations from GeoNet are shown with red and from ECLIPSE
with orange inverse triangles. Blue diamonds correspond to
NIWA weather stations. The black filled circle marks the refer-
ence point of the centre of Lake Taupō.

teraction between water gravity waves and the bathymetry in
shallow water. The dominant seismic peak of the primary
microseisms have the same period as the water gravity waves
in shallow depths [Longuet-Higgins 1950; Hasselmann 1963].
The secondary microseisms have higher energy content and
half the period compared to the primary microseisms. This
seismic signal is generated by the interaction of two gravity
waves travelling in opposite directions [Longuet-Higgins 1950;
Ardhuin et al. 2011].
While the generation mechanism of primary and secondary
lake microseisms bears resemblance to the ocean microseisms,
the first one shows fluctuations in amplitude and frequency.
This variability is influenced by the interaction of factors such
as wind, bathymetry, shoreline characteristics, and the lake’s
fetch in a local closed system [Carchedi et al. 2022; Farrell et al.
2023].
Ciacy [1973] recognised a transient seismic noise during a
seismic deployment in the north shore of Lake Taupō during
1966, and related this seismic signal with frequencies from
0.1–15 Hz to wind storms, identifying this noise as lake mi-
croseisms. Based on one month of data (25 February to 19
March 1966) Ciacy [1973] observed a minimum duration of
one hour and a maximum duration of 18 hours of the lake
microseisms.
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Low frequency seismic energy (0.5–3 Hz) in active volcanic
contexts can be affected by other seismic noises, as has been
recently identified in Nyiragongo and Nyamulagira volcanoes,
in Democratic Republic of the Congo [Subira et al. 2023]. Sea-
sonal and diurnal lake microseisms with a frequency range
of 0.4–2 Hz strongly influenced the seismic energy at nearby
stations of Lake Kivu.
In this paper, we describe a non-harmonic-like tremor sig-
nal at Taupō associated with lake microseisms using the con-
tinuous monitoring records from 2019. In a volcanic environ-
ment, especially during an unrest period, understanding the
origin of the seismic signals provides a clue to the volcano
dynamic in terms of preparedness and response.

2 DATA AND METHODS

2.1 Seismic analysis

We reviewed the continuous seismic data (waveforms, spec-
tra, and spectrograms) using the vertical component of the
GeoNet broadband seismic station RATZ (Figure 1) to create
a catalogue of volcanic, anthropogenic or instrument-related
seismic noises or signals at Taupō volcano. A fully manual
review of the continuous stream was done for 2019 using the
SWARM software [Norgaard et al. 2021] for visualisation in time
and frequency domains (Figure A1). The selection of RATZ as
the reference station relates to its proximity to the recent vol-
canic vents of Taupō, and it was the only broadband station
of the GeoNet network near Taupō volcano during 2018–2019
(Figure 1). Finally, because it is located away from roads and
Taupō town, relatively free of anthropogenic noise in the fre-
quency band of interest.
Within the seismic signals in the preliminary catalogue, we
recognised high frequency events and low frequency tremor-
like signals. To further comprehend the origin of these sig-
nals, we compared observations from the reference station
with those from broadband stations within a radius of 50 km
from Lake Taupō. We selected GeoNet stations for the tempo-
ral range of 2019 (TLZ, BKZ, and NTVZ) and selected stations
from the temporary ECLIPSE seismometer network [Mestel et
al. 2019] (PETZ, BEEZ, OUHZ, JANZ, RNGZ, and TVSZ) for
December 2019 (Figure 1). The sampling rate of the continu-
ous seismic data was 100 Hz. We also calculated the seismic
energy in the low frequency range (0.4–6 Hz) during Decem-
ber 2019 by the Real-Time Seismic Energy Measurement [De
la Cruz-Reyna and Reyes-Dávila 2001] for the stations men-
tioned above (Figure 2).
In order to verify the single-station detection of lake micro-
seisms at RATZ, we also studied the spatial coherence of the
seismic wavefield, using streams of continuous vertical com-
ponents from seismic stations around Lake Taupō. To do so,
we used the software CovSeisNet for the detection of coherent
signals across the network [Soubestre et al. 2018]. This method
estimates the eigenvalues of a seismic network covariance ma-
trix to identify the coherence in the frequency domain of the
seismic network. A single localised seismic source will be
represented with a low spectral width that is coherent in the
seismic network, whereas a distributed ambient seismic noise

will be represented with a high spectral width [Soubestre et al.
2018].
From time-frequency analysis at RATZ and the temporary
ECLIPSE network, we observed a seismic noise with frequen-
cies up to 45 Hz (Figure 3) that persisted for minutes to days
coincident with the occurrence of a low frequency seismic
signal in the range of 0.4 to 6 Hz (Figure A1). To determine
the start and the end of these lake microseism signals, we ob-
served that the dominant spectral peak was usually 0.4–1.0 Hz;
see also Sections 3.1 and 4.1. However, during the occurrence
of the lake microseisms the dominant spectral peak decreased
to 0.4–0.5 Hz (Figures 4 and A1). A catalogue of the details of
lake microseisms is provided in Table A1 in Appendix A.
To determine the ambient seismic noise at Lake Taupō we
calculated the probabilistic power spectral density (PPSD) for
the continuous data using the McNamara and Buland [2004]
method. For this calculation we used hourly traces of the ver-
tical channel of RATZ station, with an overlap of 50 % from
the period January 2019–December 2019 (Figure 6).
Complementary parameters such as local earthquake mag-
nitudes are considered in the time series analysis to determine
the possible source of the low frequency tremor-like signals
(Figure 5).

2.2 Weather data analysis

To determine or discard a relation between the continuous
seismic analysis and climatological factors, we compared low
frequency seismic energy (0.4–6 Hz) to surface wind speed,
wind orientation and maximum wind gust speed in hourly
measurements from the Tūrangi and Pureora National Insti-
tute of Water and Atmospheric Research (NIWA) weather sta-
tions (Figures 1 and 5). We searched for times in which the
wind direction was consistent for a minimum of three hours
and had a circular standard deviation of 10° from Tūrangi
surface wind data (Figure 6). Afterwards, we compared mean
wind speed, mean wind orientation and duration of the con-
sistent wind periods with the low frequency seismic energy
in 2019.

3 RESULTS
3.1 Lake microseisms at Taupō volcano

We identified lake microseisms at Lake Taupō as low fre-
quency continuous seismic oscillations with frequencies be-
tween 0.4 and 1.0 Hz (Figure 3). During the maximum peaks
of seismic energy, the dominant frequency content of lake mi-
croseisms is in the range 0.50–0.56 Hz, however this particular
signal in Taupō starts and ends with a dominant frequency in
the range 0.7–1.0 Hz (Figure 3 and A1). This signal is regis-
tered at broadband seismic stations as far as 27 km from the
centre of Lake Taupō (Figures 1 and 2). Lake microseisms are
observed during all months of 2019 and recognised in six tem-
porary broadband stations surrounding the lake (BEEZ, PETZ,
JANZ, OUHZ, RNGZ, TSVZ) and seven permanent seismic
stations. During 2019, the duration of lake microseisms ranged
from hours (4 h) to days (68 h) (Table A1).
Lake microseisms contain frequencies up to 3 Hz gener-
ally (Figures 3 and 7), however exceptional cases reach up
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Figure 2: Seismic energy plots at seven broadband stations (Figure 1) around Taupō during December 2019. The vertical contin-
uous stream of each station is filtered between 0.4 Hz and 6.0 Hz. Each subplot is ordered from higher (top) to lower (bottom)
seismic energy content considering the maximum values of the low frequency signal. The orange areas show the occurrence of
lake microseisms and values in the upper right indicate distance from the centre of Lake Taupō. PETZ station was not functional
after December 14, and RNGZ station was not functional from December 10 to December 12.

to 6 Hz. The spectrogram of intense lake microseisms (up
to 6 Hz; Figure 7) at Lake Taupō is similar to non-harmonic
tremors registered at active volcanoes with hydrothermal sys-
tems [Dmitrieva et al. 2013; Hall et al. 2013; van der Laat et al.
2022].
We calculated the probabilistic power spectral density
[PPSD; McNamara and Buland 2004] of the RATZ vertical
channel continuous traces during 2019 in two types of peri-
ods: 1) excluding the temporal occurrence of lake microseisms
and 2) only including the temporal occurrence of lake micro-
seisms. From these, we identified a dominant frequency peak
associated with lake microseisms at 0.50–0.56 Hz as shown in
Figure 4. This peak does not appear when we exclude the
traces with the occurrence of lake microseisms in the PPSD
calculations, based on Table A1.
The coherence of the lake microseism across GeoNet sta-
tions and ECLIPSE stations is concordant with our observa-

tions at RATZ seismic station. Lower spectral width indicates
a higher coherence of a single source in the network. We
observed a higher frequency at the beginning and end of the
lake microseism (0.7–1 Hz), and a decrease of the dominant
frequency during the lake microseism (0.50–0.56 Hz) with low
spectral width values, as exemplified in Figures 3 and 8. Prior
to the start of the lake microseism, we recognised a coherence
in the network from 0.1–0.5 Hz that prevails during the lake
microseism (Figure 8).

4 DISCUSSION
4.1 What causes lake microseisms at Taupō volcano?

Wind and rain data from two weather stations were analysed
and compared with the seismic energy data to identify any
correlation. We selected hourly data from NIWA weather sta-
tions located at Tūrangi and Pureora (Figures 1, 5, A2, and A3).
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Figure 3: Spectrogram of lake microseisms during 6–7 Febru-
ary (top) and October 13–15, 2019 (bottom) from RATZ station
using Obspy [Beyreuther et al. 2010]. The window length of the
STFT used was 1024 samples. The black arrow shows the start
and end of the lake microseisms.

At Tūrangi (near Lake Taupō), surface wind and maximum
wind gust preferentially arrive from the SW and SE, however
northern surface winds are recorded (Figure A2). At Pureora
Forest Park surface wind and maximum wind gust mainly
arrive from N–NW and S–SE (Figure A2). Yet, periodicity
of higher wind speeds are identified during the daytime in
both stations. Mean wind speed during the period 2018–2019
tended to be higher during August–December. The monthly
total precipitation was higher during winter (June–August),
with the exceptions of December and April, which were also
high (Figure A3). We used the Pearson correlation coefficient
to measure the linear correlation between two variables. This
method uses the ratio between the covariance of two variables
and product of their standard deviations [Pearson 1895]. The
estimated Pearson correlation between low frequency seismic
signals and rain for three-minute sampled data is 0.028, which
indicates no relationship between these two variables.
We recognised a pattern of consistent wind orientation that
prevails for more than three hours prior to the occurrence of
lake microseisms in 2019; in some cases prior to and during
the occurrence of a lake microseism as represented in Fig-
ure 6. The minimum wind speed to have these conditions on
Lake Taupō is 6 km h−1, however the mean wind speed is
13 km h−1 based on 2019 analysis. With a larger dataset, this
condition could vary. We observed a major coincidence in the
occurrence of lake microseisms with NW–SE orientations of
consistent wind as indicated in Figures 6 and 9.
Similarly to wind-driven waves in the ocean, we propose
that the consistent wind at Lake Taupō creates similar con-
ditions and generates the lake microseisms at the bottom of
the lake. We observed a correlation between higher consis-
tent wind speeds and the seismic energy (Figures 6 and 9).
Correspondingly, we observed higher values of seismic en-
ergy from longer periods of consistent wind direction at Lake
Taupō (Figures 6 and 9).

Figure 4: Probability density function for ambient seismic noise
recorded with the vertical channel of RATZ seismic station
using Obspy [McNamara and Buland 2004; Beyreuther et al.
2010]. The grey lines indicates the low and high noise models
by Peterson [1993]. [A] Excluding traces with the occurrence
of lake microseisms during 2019 based on Table A1. [B] Using
traces with the occurrence of lake microseisms during 2019
based on Table A1. The black arrow indicates the dominant
frequency related to lake microseisms at Taupō volcano.

Consistent wind orientations at 330–350° (NW) and 130–
180° (SE) are the most frequent orientation prior to or dur-
ing the occurrence of a lake microseism as observed in Au-
gust 17 and 19, 2019 (Figure 6A), and during December 21,
23–26 (Figure 6C). Some of the consistent wind orientation
occurred prior to the lake microseisms, and some of them
during the lake microseisms. Wind speed in these cases are
< 15 km h−1 (December 21, 23, 24, 25, and 26) and caused
higher seismic energy of lake microseisms than the consis-
tent wind oriented at 250° (December 28). Seismic energy ap-
pears to be higher when the wind speed is higher for similar
consistent wind orientations as demonstrated in different lake
microseisms during December, 2019 (Figure 6C) and October
13 (Figure 6B). The October 13 lake microseism represents the
highest seismic energy event with preferred wind orientations
coming from 120–130°, and surface wind speed greater than
> 20 km h−1 (Figure 6B).
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Figure 5: Time-series plots of seismic energy, wind speed, local earthquake magnitudes (from Illsley-Kemp et al. [2021]) and
wind direction using seismic data from RATZ stations and weather data from Tūrangi station. Orange areas correspond to the
temporal occurrence of lake microseisms (Table A1), during July–September 2019. Vertical red lines correspond to the start of
earthquakes swarms during July–September 2019.

Wind direction seems to be a crucial factor in the energy
and occurrence of lake microseisms. Prolonged periods of
consistent wind with high wind speeds (> 25 km h−1) did not
cause lake microseisms, or caused very weak events, as ob-
served during 1–5 August, 2019 (Figure 6A), when the surface
wind had a consistent orientation of ≈ 250°. Overall, consis-
tent wind direction coming from the west and southwest of
Lake Taupō did not generate evident lake microseisms (Fig-
ures 6, 9). However consistent wind from a NW or SE orien-
tation did generate lake microseisms (Figures 6, 9).

The signal of lake microseisms starts and ends with a domi-
nant frequency of 0.7–1.0 Hz, and during the maximum energy
peak, the dominant frequency is of 0.50–0.56 Hz (Figure 3).
We identify this signal in all broadband stations around the
lake with a constant level of energy, dependent on the station
location (Figure 2). The spectrogram during these particular
signals are characterised by an increase in noise levels up to
45 Hz, likely associated with noise caused by the high wind
speeds and the wind-driven waves from these higher wind
speeds within the lake.

Stations closer to the centre of the lake (BEEZ and RATZ)
showed higher seismic energy peaks in frequency band of
0.50–6 Hz (Figure 2). This supports our assertion that the
source for the low-frequency microseism is within the lake.

4.2 How does wind generate a low-frequency microseism?

The presence of a large water-body, anthropogenic activity, an
active volcano, and varying weather conditions all contribute
to a range of seismic noise at Taupō. We recognised a par-
ticular signal that has similarities to a volcanic seismic signal
during 2019: the lake microseism (Figure 8). Time-frequency
analysis of 2019 data using RATZ station and the ECLIPSE
temporary network plus weather data provided evidence that
the low frequency seismic signals identified at Taupō are not
related to a volcanic source, but are caused by sustained wind.

Studies have shown low frequency signals known as lake
microseisms at seismic stations near large lakes such as
Ontario Lake [Kerman and Mereu 1993], Yellowstone Lake
[Smalls et al. 2019; Farrell et al. 2023], Lake Malawi [Carchedi
et al. 2022], the Great Slave Lake, Dianchi Lake, Fuxian Lake,
and Erhai Lake [Xu et al. 2017]. In general, the authors identify
peaks of seismic energy at a dominant frequency of 0.5–2 Hz
associated with lake microseisms observed in lakes with ar-
eas between 210 km2 and 27,000 km2 [Xu et al. 2017]. In a
volcanic settings, lake microseisms can be masked within the
volcanic tremor from nearby sources as previously identified
in the Virunga Volcanic Province [Subira et al. 2023]. With an
area of 622 km2 at Lake Taupō, we observed a similar pattern
with a dominant frequency peak of 0.50–0.56 Hz (Figure 4).
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Figure 6: Comparison between seismic energy using the RATZ seisimic station and wind data from Tūrangi weather station. The
circles indicates time periods in which the surface wind was consistent in direction for more than 3 hours. The colour of the
circles shows the wind speed, and the sizes the duration of the sustained wind. The blue line shows the seismic energy. The
left y-axis indicates the mean orientation of the wind, whereas the right y-axis shows the seismic energy in counts. Vertical red
lines correspond with the start of lake microseisms. Panel [A] exemplifies a case in which consistent wind orientation at ≈250°
for ≈ 40 hours did not cause a lake microseism during 1–5 August with wind speeds > 25 km h−1. Panel [B] illustrates the lake
microseisms with the highest seismic energy during October 14, 2019 in which the consistent wind orientation was ≈25° prior to
and 130° during the lake microseisms. Panel [C] shows the occurrence of five lake microseisms during December 2019 in which
the consistent wind orientation was NW (300–350°) and SE (150°).

In general, these low frequency continuous seismic oscilla-
tions can be registered by seismic stations within 25–30 km
[Xu et al. 2017] with higher seismic amplitudes closer to the
bottom of the lake. Yet, few studies mention the existence of
lake microseisms in a volcanic setting, as in the case of Yel-
lowstone [Xu et al. 2017; Smalls et al. 2019; Farrell et al. 2023]
and Taupō in this study.

At Lake Taupō, lake microseisms commence and conclude
with higher frequencies ranging from 0.7 to 1.0 Hz, and during
the maximum energy peak, the dominant frequency is of 0.50–
0.56 Hz as evidenced in Figures 7 and 4. On a broader scale,

the probabilistic power spectral density analysis (Figure 4)
did not reveal an additional peak occurring between 0.7 and
1.0 Hz. Carchedi et al. [2022] recognised two peaks attributed
to primary and secondary lake-generated microseisms. Far-
rell et al. [2023] provided evidence of double frequency mi-
croseism with dominant frequencies of ∼0.8–1.2 s from wind,
wave gauges, and lake bottom seismometers observations at
Yellowstone Lake. Yet, the mechanisms of primary and sec-
ondary microseisms are not from a unique source, but com-
plex and influenced by the shoreline, bathymetry and wind-
wave interactions [Carchedi et al. 2022; Farrell et al. 2023].
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Figure 7: Waveform (upper), spectrum (lower) and spectrogram
(middle) of a lake microseism during April 21, 2019 08:00 UTC.
We applied a high-pass filter of 1.0 Hz using Obspy [Beyreuther
et al. 2010] and calculated the spectrogramwith the Short Time
Fourier Transform [Marple Jr and Carey 1989]. The window
length of the STFT used was 512 samples.

Figure 8: Covariance matrix spectral width during 6–7 Febru-
ary, 2019 with GeoNet stations around Taupō with an overlap-
ping window of 30-seconds using CovSeisNet [Soubestre et al.
2018]. The low values of the spectral width confirms a single
localised source (lakemicroseism) coherent in the seismic net-
work.

The Rayleigh-Rg wave is the most common type of wave
observed in lake microseisms [Kerman and Mereu 1993; Xu et
al. 2017; Anthony et al. 2018]. Periodicity in the occurrence of
lake microseisms has been identified in several studies related
to daily and seasonal variations of wind speed or frozen condi-
tions of the lake, as observed in Yellowstone [Smalls et al. 2019;
Farrell et al. 2023], Lake Malawi [Carchedi et al. 2022] and Yun-
nan Lake [Xu et al. 2017]. Non-periodic lake microseisms have
also been identified in Lake Ontario, associated with the pas-

sage of storms at the lake [Kerman and Mereu 1993; Kerman
et al. 1995]. A recent study using lake-bottom seismometers,
land-based seismometers, weather stations, and wave gauges
identified diurnal lake microseisms at Lake Yellowstone [Far-
rell et al. 2023]. These lake microseisms with dominant fre-
quencies of ∼0.8–1.2 s were caused by the interaction of the
incident waves with the shoreline–reflected waves, analogous
to secondary microseisms [Farrell et al. 2023].
The lake microseisms we identify at Lake Taupō have
dominant frequency oscillations between 0.4–1.0 Hz. Dur-
ing consistent wind direction (± 10°) and high wind speed
(>15 km h−1), from a NW or SE direction, we observed a
continuous seismic noise that reached frequencies up to 6 Hz,
e.g. during April 21, 2019 (Figure 7). In these conditions,
lake microseisms have similar characteristics to non-harmonic
tremors in volcanic areas, as observed in (among others) Ru-
apehu, Whakaari, and Turrialba volcanoes [Dmitrieva et al.
2013; Hall et al. 2013; van der Laat et al. 2022]. During 2019,
we identified 38 lake microseisms associated with sustained
wind (Table A1 and Figure A1) with a minimum duration of
4 hours and a maximum of 68 hours. Ciacy [1973] previously
observed a similar signal at Taupō.
Orientation of the consistent wind clearly influences the
generation of lake microseisms. We identified high wind
speeds and extended hours of consistent wind that did not
cause lake microseisms (Figure 6A). We attribute this con-
dition to a shorter fetch distance of winds coming from the
W and SW. In contrast, higher seismic energy is attributed
to wind coming from N–NW and S–SE. In this orientation,
the northern section of the lake has its maximum fetch (Fig-
ure 1), and a greater water depth and sediment thickness due
to caldera collapse [Davy 1993].
Even though the seismic signals generated at Taupō are
caused by the interactions between the lake and specific
weather parameters, we found similarities between their seis-
mic signals and non-harmonic volcanic tremor. The evalu-
ation of low frequency seismic energy in ECLIPSE stations
around Lake Taupō supports the idea that it is not a local
source from the observation station, but a local source within
the lake. Seismic peaks were identified in stations between 10
and 28 km from the centre of the lake, dissipating outwards
from the lake (Figure 2). These lake microseisms are a local
source of ambient noise (surface waves) and could be useful
for imaging shallow crustal structures at Taupō, as proposed
from worldwide studies of lake microseisms [Xu et al. 2017].
Lake microseisms are commonly observed in large lakes,
however, in water-filled calderas, such reports are rare. Yel-
lowstone [Xu et al. 2017; Smalls et al. 2019] and Taupō volcano
(this study), are exceptional cases of the occurrence of lake mi-
croseisms in a water-body on top of a volcano. However, in
Taupō the water-body covers the caldera completely, while in
Yellowstone, the caldera is only partially covered. Recognising
seismic signals in a volcano with an eruptive potential such as
that of Taupō is of great importance. Prior studies of volcanoes
often use volcano seismology and time-frequency analysis to
monitor the evolution of the magmatic system and as a tool
for forecasting eruptions in active and dormant volcanoes [e.g.
Gómez M and Torres C 1997; Nabyl et al. 1997; Green and
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Figure 9: Relation between circular mean wind orientation and seismic energy during times in which the wind was consistent
for more than 3 hours and with a standard deviation of ±10°. The exceptional seismic energy points (> 1400 counts) are related
to the October 13 lake microseism. The most frequent periods of elevated seismic energy occur when the wind orientation is
between 0–25° (NE), 330–360° (NW) and 130–180° (SE). In the upper right corner is amap of Lake Taupō with elevation contours,
including the lake bathymetry. The red dashed line indicates the RSEM value at which lake microseisms were identified during
2019.

Neuberg 2006; Lesage et al. 2006]. On the other hand, mis-
interpreting lake microseisms as volcanic tremor may cause
confusion in the alert level systems, and therefore may acti-
vate false volcanic responses. Our findings are an important
consideration for future monitoring of Taupō, or indeed any
volcano with a major lake.

4.3 Lake microseisms as a trigger of earthquake swarms?

Lake microseisms have been identified in large lakes around
the world, with frequency contents in a range of 0.5–2.0 Hz,
and often polarised as Rayleigh waves [Xu et al. 2017]. These
seismic signals can be periodic and related to daily variations
in wind velocity due to changes in temperatures, or related to
storms and the interaction of two waves travelling in opposite
directions [e.g. Kerman et al. 1995; Xu et al. 2017; Smalls et al.
2019].
If we consider the passage of surface waves through a mag-
matic reservoir with frequency content similar to the lake mi-
croseisms, we could consider the possibility that the lake mi-
croseisms could alter the stress condition of the hydrothermal-
magmatic system. Moreover, these lake microseisms are a
local and sustained source of surface waves above the vol-
cano, and should be studied in more detail to fully understand
their relationship to the volcano. Surface waves travelling
through active volcanoes have been identified as a possible
trigger of eruptions or seismic swarms within their systems,
e.g. Puyehue–Cordón Caulle in 1960 after a 9.5 M𝑊 earth-
quake [Lara et al. 2004], Hakone volcano, in Japan, recorded
triggered seismicity after the passage of surface waves from
the Tōhoku–Oki 9.1 M𝑊 earthquake [Yukutake et al. 2013],

and Villarica volcano in 1730, 1737, 1822, 1837, and 1930 had
eruptions shortly after the occurrence of large earthquakes
(≥7.5 M𝑊 ) [Linde and Sacks 1998; Watt et al. 2009]. The
passage of surface waves from distant earthquakes through
magmatic and hydrothermal systems are considered to trigger
seismic swarms and volcanic eruptions by oscillations of the
dynamic stresses [Seropian et al. 2021]. Yet, seismicity at hy-
drothermal systems is triggered with smaller dynamic stresses
than at magmatic systems [Seropian et al. 2021]. We identified
lake microseisms that occurred prior to or during an earth-
quake swarm (RSEM in Figure 5). During the unrest period,
nine of the 38 recognised lake microseisms occurred prior to
or during an earthquake swarm; e.g. July 6, July 13, and
September 4 (Figure 5). Most of the lake microseisms that oc-
curred prior to or during the earthquakes swarms happened
during June–September (Figure 5), which has been specifi-
cally associated with magmatic intrusion [Illsley-Kemp et al.
2021]. We suggest that in certain critical stress conditions
such as in 2019, lake microseisms may trigger earthquakes
at Taupō. However, lake microseisms also occur during time
periods without any evident relation with earthquakes. Thus,
more extensive studies of Taupō are necessary to identify any
relationship between lake microseisms and earthquakes.

5 CONCLUSIONS

In summary:

• We recognised a particular signal that has similarities to
a volcanic seismic signal during 2019: the lake microseism.
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• Lake microseisms have oscillations between 0.4–1.0 Hz,
with a dominant frequency peak of 0.50–0.56 Hz. During in-
tense and sustained wind conditions with preferential orien-
tations, we observed a continuous seismic noise that reached
frequencies up to 6 Hz. In these conditions, lake microseisms
have similar characteristics to non-harmonic tremors in vol-
canic areas, as observed in Ruapehu, Whakaari, and Turrialba
volcanoes [Dmitrieva et al. 2013; Hall et al. 2013; van der Laat
et al. 2022].

• During 2019, we identified 38 lake microseisms associ-
ated with consistent wind direction (±10°) for extended hours
(> 3 hours) prior to the occurrence of a lake microseism; in
some cases prior to and during the event. We observed a
correlation between wind speed and the duration of the con-
sistent wind with the seismic energy, depending on the wind
orientation.

• Even though the seismic signals generated at Taupō
are caused by the interactions between the lake and specific
weather parameters, we found similarities between their seis-
mic signals and non-harmonic volcanic tremor. Therefore,
future monitoring of Taupō must carefully consider the inter-
pretation of tremor-like signals.
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canic unrest at Taupō volcano in 2019: Causes, mechanisms
and implications”. Geochemistry, Geophysics, Geosystems
(e2021GC009803). doi: 10.1029/2021gc009803.
Illsley-Kemp, F., P. Herath, C. J. Chamberlain, K. Michailos,
and C. J. N. Wilson (2022). “A decade of earthquake ac-
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APPENDIX A
The appendix contains details from the lake microseisms cat-
alogue.

Table A1: Lake microseisms parameters at Taupō lake during
2019 using RATZ seismic station. Start: Start time of lake mi-
croseisms, End: End time of lake microseism, Duration: Dura-
tion of lake microseisms in hours.

ID Start End Duration (h)

1 11/01/19 19:06 12/01/19 8:59 13
2 1/02/19 23:39 2/02/19 23:33 23
3 6/02/19 0:23 7/02/19 19:00 42
4 9/02/19 9:22 9/02/19 14:56 5
5 16/02/19 6:25 16/02/19 16:51 10
6 24/02/19 5:25 25/02/19 16:45 35
7 12/04/19 6:25 13/04/19 7:33 25
8 21/04/19 7:50 22/04/19 5:08 21
9 28/04/19 16:33 1/05/19 12:50 68
10 11/05/19 22:08 13/05/19 12:13 38
11 6/06/19 23:33 7/06/19 11:26 11
12 18/06/19 2:05 18/06/19 13:33 11
13 20/06/19 4:16 20/06/19 19:56 15
14 22/06/19 11:11 23/06/19 3:24 16
15 25/06/19 6:18 25/06/19 10:48 4
16 4/07/19 16:36 5/07/19 5:43 13
17 5/07/19 18:31 6/07/19 16:32 22
18 13/07/19 16:45 14/07/19 5:31 12
19 15/07/19 9:06 15/07/19 23:46 14
20 18/07/19 14:31 19/07/19 11:03 20
21 17/08/19 10:00 19/08/19 2:06 40
22 19/08/19 19:15 20/08/19 15:21 20
23 22/08/19 22:09 24/08/19 8:57 34
24 2/09/19 11:31 4/09/19 13:26 49
25 8/09/19 11:42 10/09/19 12:38 48
26 20/09/19 4:03 20/09/19 14:49 10
27 29/09/19 18:33 30/09/19 12:47 18
28 5/10/19 13:43 6/10/19 19:27 29
29 13/10/19 7:36 15/10/19 8:02 48
30 7/12/19 14:47 8/12/19 20:47 29
31 9/12/19 7:00 10/12/19 17:07 34
32 11/12/19 7:56 11/12/19 18:12 10
33 16/12/19 5:49 17/12/19 10:27 28
34 21/12/19 4:48 21/12/19 20:25 15
35 23/12/19 3:20 23/12/19 14:18 10
36 24/12/19 5:36 24/12/19 18:26 12
37 25/12/19 5:05 25/12/19 13:28 8
38 26/12/19 8:28 26/12/19 13:27 4
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Figure A1: Illustration of the method used to identify the lake microseisms. [A] Helicorder of RATZ’s vertical channel during
February 2nd, 2019. The green points indicates the start of the lake microseisms. [B] During the occurrence of lake microseisms,
the dominant frequency peak reaches up to 0.5 Hz in the spectrum. [C] The start of the lake microseisms is denoted when the
frequency peak in the spectrum changes from a range of 0.7–1.0 Hz to 0.5 Hz, and ends with 0.7–1.0 Hz.
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Figure A2: Preferential wind orientation at Tūrangi and Pureora stations during 2018–2019. In the first row, the preferential wind
orientation of the surface wind, and the second row corresponds with preferential orientation of the maximum wind gust.
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Figure A3: Mean cumulative precipitation and mean wind speed by month at Tūrangi and Pureora weather stations (top row).
Hourly mean of maximumwind gust and surface wind at Tūrangi (lower left) and Pureora (lower right) with data from 2018–2019
(bottom row). Hours displayed in local time, where 0 represents midnight.
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