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Abstract:  The InSight (Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport) mission has recorded continuous
ambient noise signals with many spectral peaks since its landing in 2018. The majority of these peaks are modes produced by
instrumental vibrations and are associated with environmental factors, such as temperature and wind energy fluctuations.
Understanding how these modes react under various conditions is crucial because it aids in identifying their origins. In this study, we
analyzed the three-component spectra of InSight recordings from sols 184–738 and obtained the horizontal-to-vertical spectral ratio
(HVSR, also known as H/V) curves for different time intervals. The primary modes, such as those at 3.3 and 4.1 Hz, exhibited different
behaviors, suggesting diverse origins. Some modes were sensitive to low temperature and some were sensitive to high temperature.
Additionally, we investigated the influence of wind and temperature on the H/V curve. The peak frequency was mainly affected by
temperature, whereas the H/V value was not associated with the temperature or wind only. Characterizing these modes and elucidating
their origins are significant for processing signals from InSight and can provide valuable guidance for designing future planetary
seismometers.
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1.  Introduction
The  InSight  (Interior  Exploration  using  Seismic  Investigations,

Geodesy,  and  Heat  Transport)  mission  plays  a  pivotal  role  in

unraveling the mysteries of Mars, particularly its internal structure

and  evolutionary  history,  as  detailed  in  studies  by Banerdt  et  al.

(2020), Giardini  et  al.  (2020), Ceylan  et  al.  (2021), Knapmeyer-

Endrun  et  al.  (2021), Kim  et  al.  (2022), Khan  et  al.  (2023),  and

Samuel et al. (2023). The lack of liquid oceans and its active atmo-

sphere  present  unique  challenges  in  Mars  exploration.  For

instance,  the  first  seismometer  deployed  by  the  Viking  mission

primarily  collected  the  wind-induced  lander  noise  (Anderson  et

al.,  1976, 1977).  In  addition  to  wind,  atmospheric  pressure  and

vortices may influence seismic data recorded by InSight (Kenda et

al., 2017; Mimoun et al., 2017; Charalambous et al., 2021). Analysis

of  data  from  TWINS  (Temperature  and  Wind  Sensor  for  InSight)

revealed that certain resonances (at frequencies of approximately

1.6, 3.3, 4.1, 6.8, and 8.6 Hz) are influenced by wind and temperature

fluctuations  (Dahmen et  al.,  2021).  Furthermore,  resonances  may

result from sensor assembly effects, although their magnitude can

be  ignored  compared  with  seismic  signals  (Hurst  et  al.,  2021).

These  resonance modes  can introduce artifacts  in  ambient  noise

correlation analyses, according to Kim et al. (2021). Consequently,

methodologies for studying Mars’ internal structure, such as ambi-

ent noise  autocorrelation,  can  be  influenced  by  these  environ-

mentally induced signals (Deng SZ and Levander, 2020; Compaire

et al., 2021; Schimmel et al., 2021).

The  unique  challenge  of  studying  Mars  with  only  one  seismic

station  renders  many  array  station-based  methods  inapplicable.

Nonetheless,  the  horizontal-to-vertical  spectral  ratio  (HVSR,  also

called  the  H/V)  method  can  be  used  as  an  empirical  technique

suitable for InSight. It usually enables the estimation of the depth
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of  underground  sedimentary  interfaces  by  using  data  from  a
single  station  (Nakamura,  1989, 2009).  This  technique  hinges  on
the  presence  of  significant  sediment  layers  and  strong  wave
impedance interfaces beneath the station, which are indicated by
specific spectral peaks on the H/V curves (Nakamura, 1989; Lachet
and Bard,  1994; Chen ZQ et  al.,  2023).  The frequency of  a  certain
spectral peak,  known as the peak frequency, can be used to esti-
mate  the  depth  of  these  interfaces.  Both  the  amplitude  ratio  of
the  peak’s  horizontal-to-vertical  components  (H/V  value)  and  its
peak  frequency  are  valuable.  This  approach  has  already  been
successfully applied in previous studies of InSight data (Hobiger et
al., 2021; Xiao WB and Wang YB, 2022; Carrasco et al., 2023).

Many  modes  above  1  Hz  are  suspected  to  originate  from  the
lander,  as  suggested  by Panning  et  al.  (2020), Suemoto  et  al.
(2020), and Dahmen et al. (2021). Dahmen et al. (2021) studied the
amplitude and  peak  frequency  variations  as  a  function  of  atmo-
spheric wind and temperature. They pointed out that the temper-
ature  generally  correlates  with  the  lander  modes  and  that  wind
speed  drives  modal  amplification.  Spectral  peaks  at  1.6,  3.3,  4.1,
6.8, and 8.6 Hz were likely to originate from the lander according
to  a  polarization  analysis  (Dahmen  et  al.,  2021).  However,  it
remains uncertain whether these modes share a common origin,
such as a specific internal module of the lander. Accurately identi-
fying these instrumental resonance modes is essential for effective
noise suppression in seismic signals, whether from marsquakes or
impacts (Daubar et al., 2018).

In this  study,  we  detailed  the  characterization  of  how  environ-
mental  factors  influence  these  resonance  modes  and  how  these
modes  respond.  We  first  conducted  a  spectral  analysis  of  modes
in three components of data, during both the daytime and night-
time,  and  then  compared  the  H/V  curves  across  different  time
intervals.  Furthermore,  we  explored  the  effects  of  wind  and
temperature  on  the  H/V  value  and  its  corresponding  peak
frequency. 

2.  Data
The InSight landing site is located at Elysium Planitia in the northern
hemisphere  of  Mars.  As  noted  by Lognonné  et  al.  (2023),  sols
184–500  span  from  the  northern  hemisphere  spring  to  fall,
whereas  sols  625–738  correspond  to  the  northern  hemisphere
winter.  The wind during the northern fall–winter is strong, which
can cause turbulence and vortices (Chatain et al., 2021).

In  this  study,  we utilized the  very  broadband (VBB)  channel  data
from InSight, with a sampling rate of 20 Hz, covering sols 184–738.
The data were processed by ObsPy (Beyreuther et al., 2010). After
data deglitching (Scholz et al., 2020), the instrument response was
removed  from  the  data.  We  then  segmented  each  sol  into  24
equal  intervals,  corresponding  to  Local  Mean  Solar  Time  (LMST).
We then rotated the continuous data to align with the north (N),
east  (E),  and  vertical  (Z)  components,  based  on  the  instrument’s
orientation  information.  Finally,  we  applied  a  Butterworth  filter
from 0.05 to 9.5 Hz.

Figure  1 displays  waveforms  of  the  vertical  (Z)  and  north  (N)
components after  data  processing.  To  illustrate  diurnal  differ-
ences,  we  selected  time  periods  from  1–5  h  (LMST)  to  represent

nighttime and from 11–15 h (LMST) for daytime in each sol. These
periods  are  visually  distinguished in Figure  1 by  purple  and pink
shading, respectively.

Waveform  data  across  these  sols  revealed  significant  daily  and
seasonal  variations.  Overall,  energy  in  the  horizontal  component
was  significantly  greater  than  that  in  the  vertical  component.
Daily energy in both the vertical and horizontal components was
markedly  stronger  than  at  night,  particularly  between  sols  184
and 500 (Figures  1a and 1b). However,  nighttime energy intensi-
fies, even comparable with daytime levels, during fall–winter (sols
625–738).

Data from TWINS provided us  with temperature and wind speed
information.  The recording gaps were due to the absence of raw
records (e.g., values could fall below the sensor resolution or other
factors).  Temperature  trends  (Figure  1c)  showed  an  increase  and
subsequent decrease from spring to winter in the northern hemi-
sphere,  with  notable  fluctuations  during  the  day.  To  present  the
trend of temperature changes, we selected the median tempera-
ture  for  both nighttime and daytime across  sols  184–738 (Figure
2a).  From Figure  2b,  we  found  that  wind  speeds  were  generally
lower  at  night  than  during  the  day  but  intensified  significantly
during the northern fall–winter (sols 625–738).

During sols 290–500, the temperature showed an increasing trend
(Figure  2a),  so  we  selected  sols  290–500  to  analyze  the  spectral
variations.  To  avoid  the  influence  of  sudden  power  changes,  we
used  the  median  power  spectral  density  (PSD)  value.  Each  PSD
calculation  was  based  on  a  20-s  window  with  a  50%  overlap.
Figure 3 illustrates the median spectral power curves of the three
components for both daytime and nighttime, with different colors
representing various sols. We identified five vibration modes with
distinct  PSD  peaks:  M1  (1.3–1.7  Hz),  M2  (2.9–3.4  Hz),  M3  (3.7–
4.3 Hz), M4 (5.8–6.7 Hz), and M5 (8.2–8.6 Hz).

During quiet periods of  the vertical  component,  a  broad spectral
shape around 2.4  Hz  could  be  discerned (Figure  3).  This  signal  is
believed to be linked to local ground structures of natural origin,
rather than resonance from the lander (Dahmen et al.,  2021; Xiao
WB and Wang YB,  2022).  However,  the exact  origin  of  this  signal
remains a topic of ongoing debate and requires further investiga-
tion. In this study, we concentrated specifically on modes related
to environmental factors.

The PSD curves from different sols exhibited consistent character-
istics  (Figure 3).  First,  distinct  variations were found between the
daytime and nighttime. The whole energy of daytime was usually
stronger  than  that  of  the  nighttime.  In  sols  485–500,  the  energy
within the nighttime was higher, corresponding to the waveform
energy shown in Figures 1a and 1b. The waveform energy of sols
485–500  was  not  so  obvious,  especially  during  the  daytime.  This
may  be  because  the  wind  energy  was  weak  during  this  period,
leading  to  a  low  PSD.  As  the  sol  number  increased,  a  noticeable
rise occurred in the overall energy during nighttime, indicative of
increasing noise levels from sols 290–500.

During  the  nighttime  hours  (1–5 h),  M5  was  evident  in  the  hori-
zontal  component  but  absent  in  the  vertical  component.  Modes
2–4 were consistently identifiable in both the horizontal and verti-
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cal  components  (Figure  3a).  Additionally,  characteristics  of  the

modes varied even within the horizontal components.  For exam-

ple,  M3  was  most  prominent  in  the  E  component  but  least  so  in

the N component. During the daytime, modes M1–4 were clearly

identifiable  in  the  horizontal  component,  whereas  only  modes

M2–4 were visible in the vertical component (Figure 3b).
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Figure 1.   (a) Waveforms of the vertical (Z) component after deglitching and response removal. (b) Same as (a) but for the north (N) component.

The nighttime period (1–5 h) and daytime period (11–15 h) are shaded purple and pink, respectively. (c) The temperature records from TWINS.

The blue stripes show data gaps. VBB, very broadband; sps, samples per second.
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Figure 2.   (a) The median temperature of nighttime (blue dots) and daytime (pink dots) over sols 184–738 and sols 290–500 are shaded. (b) The

wind velocity records from TWINS. The blue stripes show data gaps.
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To  better  show  these  variations,  we  selected  several  frequency

ranges  from  the  overall  spectra  to  pinpoint  the  exact  resonance

frequency  of  certain  modes,  and  we  examined  their  diurnal  and

seasonal characteristics (Figures 4 and S1). Our focus was on M2–4

because  these  three  modes  were  consistently  observable  across

days and nights. Previous studies have found that the temperature

rises  as  the  frequencies  decrease  (Dahmen  et  al.,  2021).  We  also

found  that  the  temperature  difference  between  daytime  and

nighttime (Figure 1c) resulted in a noticeable decrease in the reso-

nance frequency of  M2–4 (Figure  4).  For  example,  the resonance

frequency  of  M4  was  approximately  7  Hz  during  the  nighttime

with lower temperatures but was 6 Hz during the daytime. During

the daytime,  the resonance frequency of  M4 showed a particular

shift, whereas other modes did not display such significant trends

(Figure 4a). This result indicates that the shift rate within different

seasons could vary between modes. Hence, we aimed to monitor

the frequency shifts  of  these modes between day and night  and

assess how they varied with environmental changes.

Assuming  that  the  resonance  frequency  of  a  mode  during  the

nighttime  is f1 and  it  shifts  to f2 during  the  daytime,  we  could

calculate  the  daily  shift  rate  as  (f1−f2)/f1.  We  could  then  obtain

daily shift rates of M2–4 to analyze their features (Figure 5).

As  depicted  in Figure  1b,  the  temperature  first  increased  before

decreasing within  sols  184–738.  The daily  shift  rate  of  resonance

frequencies  for  M4  exhibited  an  upward  trend  from  spring  to

summer, followed by a downward trend from fall to winter (Figure

5),  similar  to  the  seasonal  variation  of  temperature.  In  contrast,

modes  M2  and  M3  did  not  show  significant  seasonal  shifts

compared with M4, suggesting they were less sensitive to temper-

ature changes than M4. 

3.  H/V Analysis and Resonance Modes
To investigate further how the resonance modes reacted to varying

conditions, we selected time intervals with fairly different temper-

atures and analyzed the corresponding H/V curves. The H/V analy-
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Figure 3.   (a) Power spectral density curves of the N (north), E (east), and Z (vertical) components during nighttime from sols 290 to 500. (b) Same

as (a) but during the daytime. The solid black curve in each figure represents the average PSD. The different colors shown on the color bar

represent different sols.
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sis  is  commonly  used  to  identify  resonance  frequencies  that  are

influenced by shallow sedimentary layers. This technique involves

the  calculation  of  spectra  in  both  the  horizontal  and  vertical

components and then the ratio between these values. In our anal-

ysis,  we  selected  a  specific  period  of  continuous  waveform  data

and divided it into segments by setting a predetermined segment

length.  Initially,  we  transformed  the  three-component  data  into

the frequency domain by using the FFT algorithm. Subsequently,

we  calculated  the  H/V  spectral  ratio  for  each  segment  and

arranged them in a time sequence to construct the final curve.

To mitigate the effects of tick noise (Compaire et al., 2021), which

could lead to abrupt peaks in the H/V curve, we used polynomial

fitting as a smoothing method. Polynomial fitting is advantageous

because  it  effectively  preserves  important  peak  information.  We

carefully  chose  the  degree  of  polynomial  fitting  to  maintain  the

stability of the H/V curve while efficiently eliminating sharp peaks

caused by tick noise. This smoothing process also aided in identifi-

cation  of  the  H/V  peaks.  The  chosen  segment  length  was  200  s,

with a 50% overlap.

We  plotted  the  H/V  results  across  three  distinct  time  intervals  to
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Figure 4.   The mean resonance frequency of modes M2–4 during the (a) nighttime and (b) daytime in the N (north), E (east), and Z (vertical)

components, from sols 290 to 500. The orange, gray, and green scatters represent M2, M3, and M4, respectively.
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examine  the  relationship  between  environmental  features  and
peak features of the H/V curve. We defined the time intervals of 1
to  7  h,  16  to  19  h,  and  12  to  15  h  (LMST)  as  low-temperature,
medium-temperature,  and high-temperature bands,  respectively.
For each temperature band, we calculated the average H/V curve
every  20  sols,  representing  them  as  gray  curves  (Figure  6).  The
black  curves  represented  the  average  value  across  all  curves.
Finally,  for  the  low-,  medium-,  and  high-temperature  bands,  we
obtained the  corresponding  final  averaged  H/V  curves,  as  illus-
trated in Figure 6d.

We  could  identify  how  the  five  modes  responded  to  varying
conditions:
(1)  ~1.6  Hz  (M1):  The  H/V  peak  value  of  this  mode  decreased  as
the temperature increased,  and a slight decrease occurred in the
associated peak frequencies.
(2)  ~3  Hz  (M2):  A  noticeable  decrease  occurred  in  the  peak
frequency as the temperature rose. The H/V peak value was signif-
icantly  higher  in  the  low-temperature  band,  suggesting  that  the
instrument  resonance  frequency  was  predominantly  present  at
the lower temperatures.
(3) ~4 Hz (M3): Similar to the other modes, the peak frequency of
M3  decreased  as  the  temperature  increased.  However,  the  H/V
peak  value  of  M3  increased  with  temperature,  reaching  greater
than  6  in  the  high-temperature  band,  which  distinctly  contrasts
with M1 and M2.

(4)  ~6  Hz  (M4):  The  resonance  frequency  and  H/V  peak  value  of
this mode were more prominent in the low-temperature band.
(5)  ~8.6 Hz (M5):  This mode was observable only during the low-
temperature band.

The  five  modes  could  be  categorized  into  at  least  three  types
based on these characteristics. The first type (M1, M2, M4) showed
higher  sensitivity  to  low  temperatures.  The  second  type  (M3)
responded  more  to  high  temperatures.  The  third  type  (M5)
appeared  almost  exclusively  at  low  temperatures.  By  evaluating
these characteristics, we could gain more information about their
origins. 

4.  Discussion 

4.1  Correlation of the Resonance Modes with Wind Energy
On  Mars,  the  daytime  wind  energy  is  usually  significantly  higher
than  that  during  the  nighttime  (Figures  1a and 1b).  Both  the
intensity and direction of wind are influenced by variations in air
pressure,  which in turn is  linked to the atmospheric  temperature
(Banfield  et  al.,  2020).  This  relationship  suggests  that  the  wind,  a
key aspect of Martian atmospheric dynamics, could play a signifi-
cant  role  in  influencing  the  resonance  modes  observed  on  Mars
(Figures  2 and 3).  Understanding  this  interaction  is  crucial  for
interpreting  seismic  data  and  distinguishing  between  planetary
seismic events and atmospheric noise.
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Figure 6.   The H/V curves of different temperature bands. (a) The gray curves show the average values every 20 sols for the (a) low-temperature,
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E = 10 lg (v2)
To  explore  the  correlation  between  resonance  modes  M2–4  and
wind  energy,  we  analyzed  the  PSD  with  wind  speed  data  for  sol

202.  We quantified the wind energy E as ,  where v is

the wind speed.

We  found  a  consistent  similarity  between  the  trends  for  wind
energy and mode energy (Figure 7c).  An increase in wind energy
tended  to  enhance  the  power  of  these  modes,  providing  more
evidence  that  M2–4  were  excited  by  the  wind.  When  the  lander
was deployed, atmospheric noise could be amplified (Panning et
al., 2020). However, despite the role of wind energy in controlling
the  intensity  of  the  resonance  modes,  aerodynamic  noise  was
unlikely to directly affect the recording sensor. The wind and ther-
mal  shield  could  protect  the  sensor  from  direct  wind  contact.
According  to  some  researchers,  these  spectral  peaks  are
connected  to  the  wind-excited  reverberations  of  the  lander
system (Dahmen et al., 2021). 

4.2  Influence of Temperature and Wind on the H/V Values
The noise from the sensor assembly, tether, and lander caused by
environmental  factors,  such as local  pressure and wind effects,  is
recognized as an aseismic phenomenon (Stutzmann et al.,  2021).
Although  other  factors  may  exist,  temperature  and  wind  energy
are  believed  to  be  the  primary  influences  on  the  resonance
modes. Dahmen  et  al.  (2021) assumed  that  these  spectral  peaks
were  modulated  by  atmospheric  temperature  and  that  their
amplitudes  were  wind  sensitive.  However,  how  environmental
factors affect the H/V curve is still unknown.

According  to Figure  2,  a  correlation  generally  exists  between

increases in wind energy and temperature. We tried to investigate

the  responses  of  modes  to  both  temperature  and  wind  energy

separately. The peak frequency and amplitude of these modes, as

indicated  by  the  H/V  values,  may  show  more  information  about

their origins. We used data on a certain sol to better show the rela-

tionship between the H/V value, peak frequency, wind speed, and

temperature. For every hour of sol 525, we could obtain the mean

values  of  temperature,  wind  speed,  H/V,  and  peak  frequency

(Figures 8 and S2).

Within specific temperature bands, the mode frequency remained

relatively  stable  (Figures  6a–6c),  suggesting  that  the  observed

decrease  in  peak  frequency  of  M1–4  (Figure  6d)  was  primarily

driven by rising temperatures rather than fluctuating wind condi-

tions  (Figure  8b).  This  trend  could  be  attributed  to  the  thermal

expansion  of  mechanical  parts,  which  lowered  the  resonance

frequency  as  the  temperature  increased  (Figure  8a).  Within  the

same temperature band,  the amplitude of  H/V could vary signifi-

cantly  in  response  to  different  wind  conditions  (Figures  6a–6c).

Thus, wind appeared to be a key factor in influencing their inten-

sity.

However,  temperature  could  also  affect  the  peak  H/V  value.  The

amplitude of  H/V  showed no obvious  trend with  temperature  or

wind  (Figure  S2).  Research  has  shown  that  output  noise  of  the

dominant component in a seismometer is linked to its temperature

sensitivity  (Erwin  et  al.,  2021).  Broadband  seismometers  are  well
 

0 2 4 6 8 10 12 14 16 18 20 22 24
LMST (h)

−20

−10

0

10

20

30

W
in

d 
en

er
gy

−240

−220

−200

−180

−160

−140

−120

Po
w

er
/F

re
qu

en
cy

 (d
B/

H
z)

Wind energy
M2
M3
M4

−1

0

1

A
m

pl
itu

de BHE(a)

0

2

4

6

8

10

Fr
eq

ue
nc

y 
(H

z)

−240

−220

−200

−180

−160
Po

w
er

/F
re

qu
en

cy
(d

B/
H

z)

(b)

(c)

BHE

 
Figure 7.   (a) The normalized east (E) component waveform of sol 202 and its (b) time-frequency diagram. (c) The comparison of wind energy of

sol 202 (purple curve) with the maximum PSD curves for M2–4.The blue, red, and yellow curves, respectively, show the PSD of M2, M3, and M4

(E component).
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documented for their high sensitivity to local heat fluctuations on

short  timescales  (Wielandt,  2009; Trnkoczy  et  al.,  2012). Conse-

quently,  installing  seismometers  in  locations  with  stable  thermal

conditions, such as deep mines or boreholes, is a standard practice

to  minimize  these  effects  (Doody  et  al.,  2018).  However,  the

InSight lander lacks these ideal deployment conditions, making it

particularly vulnerable to substantial daily temperature variations

in  the  Martian  environment.  A  more  comprehensive  analysis  is

needed  to  understand  the  complex  interactions  between  the

lander, the Martian atmosphere, and the seismic signals recorded.

Despite the interrelationship between the wind and temperature,

we  could  still  discern  whether  these  modes  originated  from  the

same source by analyzing their responses to environmental condi-

tions.  Understanding how these modes react to changes in wind

and temperature provides valuable insights into their origins and

can help us better understand the Martian activity. 

5.  Conclusions
The  seismometer  deployed  on  Mars  collected  signals  that  were

significantly  influenced  by  the  instrument  resonance  noise,

primarily resulting from the planet’s fluctuating temperatures and

brisk winds. Through a detailed examination of the seasonal PSD

characteristics  of  continuous  waveforms  recorded  by  the  InSight

lander,  alongside H/V curves across different temperature bands,

we explored the responses of five resonance modes to both wind

and temperature.

Results  of  this  study indicated that  at  least  three distinct  sources

were  contributing  to  the  characteristics  of  these  five  modes.

These sources corresponded to mechanical or electronic elements

within the lander  (or  other  instruments).  The resonance frequen-

cies  were  mainly  controlled  by  temperature,  and  the  H/V  value

could be controlled by both temperature and wind. The different

responses  of  these  modes  to  environmental  conditions  not  only

shed light on their origins but also enhance our understanding of

how seismic data can be influenced by nonseismic factors, helping

us learn more about Martian geophysical characteristics. 

Data and Resources
The  continuous  wave  data  used  in  this  study  are  available  from

the  Planetary  Data  System  (PDS)  and  InSight  Mars  SEIS  Data

Service  (https://www.iris.edu/hq/sis/insight).  The  Temperature

and  Winds  for  InSight  (TWINS)  data  are  available  at

https://atmos.nmsu.edu/PDS/data/PDS4/InSight/.  The  data  were

processed  with  ObsPy  and  Sac,  and  visualizations  were  created

with MATLAB. 
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Figure S1.   (a) The mean frequency of M2−4 during (a) daytime and (b) nighttime in the N (north) component, from sols 184 to 738. The orange,

gray, and green scatters represent M2, M3, and M4, respectively.

 

180 200 220 240 260 280 300
Temperature (K)

1

2

3

4

5

6

H
/V

M1
M2
M3
M4

(a)

3 5 7
Wind velocity (m/s)

1

2

3

4

5

6

H
/V

M1
M2
M3
M4

(b)

 
Figure S2.   The mean H/V variation of M1−4 with (a) temperature and (b) wind velocity for every hour of sol 525. M1, M2, M3, and M4 are

represented by the blue dots, purple triangles, orange squares, and pink rhombus, respectively.
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