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Abstract Resonance frequency monitoring can detect structural changes during progressive rock slope
failure; however, reversible environmentally driven frequency drifts may inhibit identification of permanent
changes. Frequency drifts are commonly correlated with air temperature, lagging temperature changes by
zero to 35–60 days. Here we report observations from two years of monitoring at a rock tower in Utah, USA
where annual resonance frequency changes appear to precede air temperature cycles by approximately 35
days. Using correlationswithmeteorological data supplementedbynumericalmodeling, we identify changes
in insolation as the primary driver of annual frequency drifts, giving rise to the observed negative lag time.
Sparse in-situ insolation data show that the daily resonance frequency increase lags sunrise by several hours,
while frequencies decrease at sunset, responses we attribute to the west facing aspect of the tower. Modeled
daily insolation corresponds with frequency data for months whenmeasurements are not available. Numeri-
calmodels offer the advantage of predicting insolation patterns for different aspects of the rock tower, such as
the west facing cliff where measurements would be challenging. Our study highlights the value of long-term
datasets in identifying mechanisms driving environmentally associated frequency drifts, understanding that
is crucial to facilitate detection of permanent changes during progressive failure.

1 Introduction

Analyses of in-situ ambient vibration data are becom-
ing increasingly utilized in slope stability monitoring
(Jongmans et al., 2015; Bottelin et al., 2021; Colombero
et al., 2021b; Jensen et al., 2024). Important past studies
have established critical groundwork, showing for ex-
ample that: a) the dynamic properties (i.e., resonance
frequencies, damping ratios andmode shapes) of unsta-
ble rock slopes can be determined from ambient seis-
mic data (Burjánek et al., 2010, 2012;DelGaudio andWa-
sowski, 2011; Bottelin et al., 2013a; Valentin et al., 2017;
Moore et al., 2019; Finzi et al., 2020; Dzubay et al., 2022;
Müller and Burjánek, 2023); b) in-situ vibration mea-
surements can be used to describe the structural condi-
tions of rock slope instabilities (Moore et al., 2011; Pilz
et al., 2014; Colombero et al., 2017, 2021b; Del Gaudio
et al., 2013; Valentin et al., 2017; Kleinbrod et al., 2019;
Häusler et al., 2019, 2021; Bessette-Kirton et al., 2022);
and c) resonance frequencies of an unstable rock mass
change during progressive slope failure and/or slope re-
mediation, indicating their potential as a valuablemon-
itoring metric (Lévy et al., 2010; Bottelin et al., 2017;
Burjánek et al., 2018; Fiolleau et al., 2020; Colombero
et al., 2021a; Taruselli et al., 2021; Jensen and Moore,

∗Corresponding author: jeff.moore@utah.edu

2023). Meanwhile, in-situ vibration measurement tech-
nology has advanced at a rapid rate; seismic sensors are
smaller, cheaper, and more robust, with new low-cost
instruments enabling increasingly diverse applications
(Anthony et al., 2019; Bottelin et al., 2021; Arosio et al.,
2023).

Apart from permanent frequency shifts, cyclic fre-
quency variations driven by environmental effects can
be large (1–30% of average) and have the potential to
mask irreversible changes related to stability (e.g. Bot-
telin et al., 2021; Colombero et al., 2021b; Jensen et al.,
2024). Frequency changes are often positively corre-
lated with temperature because of increased grain con-
tact stresses and the closure of micro and macrocracks
during thermal expansion, both of which cause corre-
sponding increases in material and fracture stiffness
(Bottelin et al., 2013b; Starr et al., 2015; Colombero et al.,
2021b; Geimer et al., 2022). Past studies have shown
that on an annual or seasonal scale, resonance frequen-
cies can respond immediately (with no time delay) to air
temperature changes (Colombero et al., 2017; Burjánek
et al., 2018; Geimer et al., 2022; Jensen et al., 2024). Oth-
erwise, the annual frequency response can lag air tem-
peratures (i.e., frequency is directly correlated with air
temperature from a certain number of days in the past)
by ∼ 35 to 60 days (Bottelin et al., 2013b; Colombero
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Figure 1 Aerial view of Kane Springs Tower, located near Moab, Utah. The rear crack separating the tower from the cliff is
open (0.5–1m aperture) to a depth of 20m. Star shows location of the seismometer, red bar is∼ 1mscale. Inset BHE spectra
from July 1, 2021 and January 1, 2022 show clear frequency peaks for the first twomodes of the tower and their annual drift.
Decibel power is relative to 1 m2 s-2 Hz-1.

et al., 2021b). In such cases, thermal diffusion and cor-
responding delays in the opening and closing of frac-
tures are primarily attributed to temperature-frequency
delays (Colombero et al., 2021b). Alternatively, stress
changes from differential dilation between the surface
and interior of the bulk rock mass have also been ob-
served to drive an immediate frequency response to
air temperature even when fracture opening is lagged
with temperature (Jensen et al., 2024). On a daily scale,
hourly data comparisons have revealed delays between
frequency and air temperature ranging from 0 to 23
hours (Colombero et al., 2021b). In addition to the rele-
vance of thermal diffusion on a daily scale, the relative
influences of radiative and convective heat fluxes and
the site’s orientation relative to the sun have also been
recognized as important factors driving the relation be-
tween frequency and air temperature (Guillemot et al.,
2022, 2024).

Here we describe a new ambient vibration dataset
used to monitor resonance frequencies over two years
at a 36-m high freestanding sandstone tower in Utah,
USA. Interestingly, while most past datasets, including
some from the same region (Geimer et al., 2022; Jensen
et al., 2024), show that frequencies are either in phase
with or lag changes in air temperature, our data ex-
hibit a different trend where frequency changes appear
to precede air temperature changes. More specifically,
our data demonstrate that resonance frequencies are
directly correlated with the annual pattern of insola-
tion, whichwe confirm through analysis of regionalme-
teorological data and numerical modeling. Sparse in-
situ insolation data andmodel results additionally show

that resonance frequencies of the tower follow daily
solar radiation trends, specifically insolation predicted
for the west-southwest facing tower cliff. Our measure-
ments offer important new understanding of environ-
mentally driven resonance frequency drifts, highlight-
ing the value of long-termmonitoring datasets and aid-
ing efforts to use resonance monitoring in slope stabil-
ity analysis and failure prediction.

2 Site Description

Kane Springs Tower (Figure 1) is an approximately 36-m
high freestanding rock tower located 17 km southwest
of Moab, Utah, composed of massive Jurassic Wingate
Sandstone. It is approximately 5 m wide and 13 m
across. The tower formed through partial collapse of
a slab from the NW-trending (330◦) cliff face. The
crack separating the tower from the adjoining cliff is
0.5–1 m wide at maximum and extends to a depth of
20 m where it fills with rubble. We instrumented Kane
Springs Tower with a single Nanometrics Trillium Com-
pact 20-s seismometer recording continuous data at 50
Hz between 20 Feb, 2021 and 21 Feb, 2023, with some
data gaps and days of partial coverage caused by a mal-
functioning battery. The seismometer was aligned to
north, leveled, and adhered to the bedrock surface us-
ing silicone glue, before being covered with an insu-
lated plastic bucket that was similarly glued to the rock.
Modal analysis of the tower was previously presented
by Dzubay et al. (2022), who used translational and rota-
tional seismometer data, together with numerical mod-
eling, to describe resonance frequencies, damping ra-
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Figure 2 (a) First resonance frequency of Kane Springs Tower and air temperature measured at station KCNY; temperature
is colored by date. Daily average frequencies are shown in black, original 30 min data in gray. (b) First resonance frequency
plotted against air temperature. Data indicate a negative lag where frequency changes precede temperature; best fit can
be achieved by a -35 day lag. (c) First resonance frequency of Kane Springs Tower and daily insolation measured at Flattop
Mountain; insolation is colored by date. (d) First resonance frequency plotted against daily insolation. Data reveal in-phase
correlation with no apparent lag.

tios andmode shapes for the first six resonance modes.
The first two modes of the tower were found to be
bending against the thinner and thicker horizontal di-
mensions, respectively, while the third mode is torsion
about a vertical axis. Previous site-to-reference mea-
surements additionally confirmed that resonance fre-
quencies measured on the tower were not measured on
the adjoining mesa ∼ 50 m away. Dzubay et al. (2022)
also presented a portion of the monitoring data, show-
ing frequency drifts over the first year in order to link
measurements made by different instruments at differ-
ent times, but they did not analyze the cause of these
drifts.

3 Datasets and Methods
We processed continuous ambient vibration data from
the seismometer installed on Kane Springs Tower (sta-
tion code: KSLTA) for spectral attributes in order to
identify and track resonance frequencies over time. All
seismic data were de-meaned, de-trended, instrument-
response-corrected, and band-pass filtered between
0.1–10 Hz to analyze relevant velocity data in m/s. We
computed the power spectral density (PSD) for each
component by calculating fast Fourier transforms of 60-
s Hanning-tapered windows with 50% overlap, and av-
eraged the PSD to reduce variance (Koper and Burlacu,

2015). Following methods described by Geimer et al.
(2022) and Jensen et al. (2024), we used the Random
Decrement Technique (RDT) (Cole Jr, 1973; Ibrahim,
1977) to track resonance frequencies in 30-minute in-
tervals over the monitoring period. We used the BHE
(east-west) component to track modes 1 and 2, which
are clearly identifiable in spectra frommonitoring data;
we did not attempt to track higher-ordermodes as these
are not consistently clear over time given the station lo-
cation.
We recorded in-situ rock temperature data continu-

ously over themonitoring period from a sensor embed-
ded 2 cm into the rock surface on awest facing aspect of
the upper part of the cliff. Later in the monitoring pe-
riod, we installed a small meteorological station at the
site measuring air temperature and relative humidity,
as well as solar radiation. However, the radiation sen-
sor proved extremely unreliable and recorded only 14
days of continuous data despite several repair attempts.
Because we lacked air temperature and radiation data
covering the entire monitoring period, we gathered
additional data from available weather stations. We
use the air temperature record from the Canyonlands
Fieldweather station (KCNY;mesowest.utah.edu), 25 km
northwest of Moab at a similar elevation, and solar ra-
diation data from the FlattopMountainweather station,
120 km northwest of Moab at a slightly higher elevation

3 SEISMICA | volume 3.2 | 2024

mesowest.utah.edu


SEISMICA | RESEARCH ARTICLE | Insolation Cycles Control the Timing and Pattern of Resonance Frequency Drifts at a Natural Rock Tower

(utFTOP; raws.dri.edu). Several months of coeval air
temperature measurements from Kane Springs Tower
show nearly identical readings to those from KCNY.We
elected to use Flattop Mountain radiation data instead
of a slightly closer station because the latter was lo-
cated on a hillside, which adversely affects radiation
measurements, and was at higher elevation. Insolation
compared across these regional distances is intended to
primarily capture seasonal changes in solar radiation,
and cannot account for short term changes caused by
cloudy periods since the distance to our site is compa-
rably large.

4 Insolation Modeling
We adapted the climate modeling approach of Plum-
mer and Phillips (2003) to calculate insolation at our
site. We used a 5-meter resolution digital elevation
model (Utah Auto-Correlated DEM) as the input, and
calculated the clear-sky shortwave radiation at every
cell of the DEM including the effects of local relief shad-
ing. Clear-sky shortwave radiation was determined us-
ing the approach of Kumar et al. (1997) as the sum of
direct (Is), diffuse (Id), and backscattered (Ir) radiation
components:

Is = I0 × τb × cos i (1)

τb = 0.56(e−0.65M + e−0.95M ) (2)

Id = I0 × τd × cos2(β/2) × sin α (3)

τd = 0.271 − 0.294τb (4)

Ir = I0 × τr × r × sin2(β/2) × sin α (5)

τr = 0.271 + 0.706τb (6)

Where I0 is the extraterrestrial intensity on a given Ju-
lian day (here the last day of everymonth) calculated us-
ingmodern eccentricity,M is the approximate airmass,
β is slope, and r is the ground surface albedo (here held
constant at 0.4). The angle of incidence, i, and solar al-
titude, α, are defined as:

i = arccos[sin δs(sin l × cos β − cos l × sin β×
cos aw) + cos δs × cos hs × (cos l × cos β + sin l×

sin β × cos aw) + cos δs × sin β × sin aw × sin hs]
(7)

α = arcsin(sin l × sin δs + cos l × cos δs × cos hs) (8)

Where, l is latitude, hs is the hour angle, aw is aspect,
and δs is the solar declination, calculated usingmodern
obliquity.
We implemented an updated relief shading algorithm

following the approach of Corripio (2003), as compared
to the original model of Plummer and Phillips (2003).
Using the digital elevation model as input, the routine
calculates a logical value for shaded (0) and unshaded
(1) regions across the landscape for a given timestep,
here one half hour, which directly modifies the radia-
tion component. Taken together, our model outputs ir-
radiance values at thirty-minute intervals at every cell
in the digital elevation model for the last day of every

month. These outputs include effects of local shad-
ing, slope, and aspect, allowing for analysis and com-
parison of the timing and intensity of insolation across
the landscape including differences between broad, flat
surfaces, and cliff faces like at Kane Springs Tower.

5 Results
The first and second resonance frequencies of Kane
Springs Tower were clearly visible in spectra from in-
situ ambient vibration data (Figure 1). These drift no-
ticeably over the year with the highest values measured
in June or July and lowest frequencies measured in De-
cember or January. Ourmonitoring data span two years
between 20 Feb, 2021 and 21 Feb, 2023 with a data gap
of intermittent measurements in fall 2022 and a few
other short gaps caused by battery malfunctions. The
fundamental frequency (f1) varies between 1.4 and 2.2
Hz and the second resonance frequency (f2) varies be-
tween 2.6 and 3.2 Hz; the annual amplitude of f2 is
about 78% that of f1. However, the annual patterns of
frequency drift for the twomodeswere nearly identical,
thereforewe concentrate on analysis of data for the fun-
damental mode to assess drivers of frequency drifts.
Figure 2a shows the daily average f1 value plotted

over time and compared with daily average air tem-
perature at station KCNY. These datasets are not in-
phase, and unexpectedly, frequency changes appear to
precede air temperature changes. This is clarified by
plotting f1 against air temperature (Figure 2b), which
showsahysteretic loop indicating aphasedifferencebe-
tween the two datasets. We assessed the lag between
frequency and air temperature by first roughly align-
ing the time series manually, then fine tuning the fit
by maximizing the linear correlation coefficient relat-
ing the two. We find a negative lag time of 35 ± 2 days
best fits the datasets, i.e., frequency changes best cor-
relate with air temperature measured ∼ 35 days in the
future.
We then explored correlations with insolation, us-

ing available data from the climate station at Flattop
Mountain (Figure 2c). Results show that daily average
fundamental frequency and daily cumulative insolation
are positively correlated and in-phase with no appar-
ent lag (Figure 2d). Insolation data, however, often ex-
hibit short-term dips associated with cloudy periods,
which are not reflected in our resonance data, either be-
cause the climate station is too far from our site to share
the same cloud conditions or because daily average fre-
quencies do not respond to rapid insolation variations.
A rapid frequency drop in October 2022 may not corre-
late with insolation for similar reasons.
To further explore correlations between resonance

frequency and insolation, we used numerical modeling
to predict (cloud-free) insolation at Kane Springs Tower.
We specifically evaluated insolation on the upward-
facing mesa surface adjacent to the tower as well as
the west-southwest facing tower cliff. Modeled insola-
tion trends over the year compare well with data from
Flattop Mountain (Figure 3a), highlighting the annual
change caused by differences in solar radiation and
omitting short-term changes driven by variable cloudi-
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Figure 3 (a) Flattop Mountain daily insolation data for the past five years shown together with model output for the Kane
Springs Tower mesa point. (b) Representative day of in-situ insolation data from Kane Springs Tower shown together with
model output (mesa point) for the nearest date (Sep 30), times are MDT.

Figure 4 (a) Hillshade of topographywith 15m contour lines at the Kane Springs Ledge study area. Cliff andMesamonitor-
ing points indicated. (b) Modeled insolation at the end of December, and (c) June.

ness. Modeled daily insolation patterns also compare
well with limited in-situ data (Figure 3b), accurately re-
flecting the timing of sunrise and sunset and capturing
the magnitude of daily insolation. Figure 4 shows grid-
ded insolation data for the months of December and
June, as well as the locations of the cliff and mesa mon-
itoring points. Comparison of the two months high-
lights: generally greater insolation in summer, differ-
ences between the mesa and cliff sites as well as sur-
rounding areas, and greater insolation on the cliff as
compared to themesa inwinter due to lower winter sun
angle.

To extend the comparison between annual frequency
and insolation trends, we plot mean monthly funda-
mental frequency (calculated for the end of eachmonth
and averaged across the two years) and cumulative inso-
lation modeled for the last day of each month at both
the mesa and cliff observation points (Figure 5). Re-
sults show similar annual trends between frequency

and insolation, and suggest that frequency best cor-
relates with insolation modeled for the upward-facing
mesa surface. The west-southwest facing cliff features
a notable summer plateau in insolation (Figure 5a), as
the higher sun angle means less energy is striking the
vertical cliff. This plateau feature is not reflected in
frequency monitoring data. Comparing modeled inso-
lation and mean monthly frequency in a scatter plot,
we find excellent correlation, which is maximized for
model results from the mesa point (Figure 5b). These
results affirmour hypothesis that annual resonance fre-
quency drifts at the site are primarily driven by seasonal
changes in solar radiation.

Only 14 days of continuous data were available from
the onsite pyranometer; however, these measurements
show a clear correlation with the timing of daily fre-
quency drifts (Figure 6). In particular, we find that the
daily frequency rise is substantially delayed – by about 5
hours – from sunrise and the daily rise in insolation. In
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Figure 5 (a) Mean monthly fundamental frequency of Kane Springs Tower shown together with modeled cumulative daily
insolation for themesa and cliff observation points. (b) Meanmonthly frequency plotted against insolation for themesa and
cliff sites; linear fits and correlation coefficients shown.

turn, we find that the evening frequency decrease oc-
curs exactly at sunset as insolation drops to zero. We
attribute these patterns to the west-facing aspect of the
tower: on the daily scale, solar radiation only strikes
the cliff starting around noon, many hours after sun-
rise, and the tower’s west face is in full sun throughout
the afternoon until insolation is lost at sunset. Coeval
data from in-situ air and rock temperature sensors show
a daily pattern that differs slightly from frequency and
insolation records due to diffusive effects and lag times.
For example, rock and air temperatures peak in the af-
ternoonwhen frequencies are still rising, while the tem-
perature minima are roughly concurrent with sunrise
(rock temperature has a minor delay), a time when fre-
quencies are still decreasing. The overnight decrease in
frequency closelymimics rock temperature data during
this time, reflectingdiffusiveheat loss from the rock and
atmosphere at a time with no incoming solar radiation.
To clarify daily variations beyond the brief period of

coeval in-situ climate data, we compare daily trends of
modeled insolationwith resonance frequencymeasure-
ments for a representative day at the end of three differ-
ent months: June, September, and December (Figure
7). Both datasets have 30-min time resolution. While
September data are most similar to our in-situ observa-
tions, all comparisons show similar trends: frequencies
rise each day substantially after sunrise and decrease
each day immediately at sunset. The lag time between
sunrise and frequency increase is greatest in June and
smallest in December, which is also reflected in differ-
ences between insolation modeled on the cliff face and
mesa top: the lower sun angles in wintermeans the cliff
receives solar radiation earlier in the day as compared
to summer. In each case, the timing of resonance fre-
quency drifts best correlates with insolation modeled
on the west-southwest facing cliff.

6 Discussion
Resonance frequency data from Kane Springs Tower
reveal an interesting annual trend where frequency
changes appear toprecedeair temperaturefluctuations.

This negative lag time was quantified over our monitor-
ing period as −35 ± 2 days. The value is in contrast
to similar datasets in the same region, where frequen-
cies are either in-phase with air temperatures or lag
temperature changes by several days or weeks (Geimer
et al., 2022; Jensen et al., 2024). Instead, on an an-
nual scale, we find that resonance frequencies are di-
rectly correlated and in-phase with insolation. Annual
patterns of insolation, in turn, reflect changes in in-
coming solar radiation created by the Earth’s axial tilt,
and have minimum and maximum values at the winter
and summer solstices, respectively. Insolation is a key
component of the Earth’s heat budget, driving annual
changes in air temperaturewhichhas extremaweeks af-
ter the solstices. Here we show the importance of solar
radiation on annual-scale temperature-frequency rela-
tionships, complementing previous findings from daily
studies (Guillemot et al., 2022).
Why annual patterns of resonance frequency change

at the Kane Springs Tower are in-phase with insolation
and not air temperature as at most other monitoring
sites is not fully clear. The west-southwest facing aspect
of the tower may play a role; however, our annual fre-
quency trends best compare with model results for the
upward facing mesa point and not the west-facing cliff.
Perhaps more importantly, the tower features a dark
patina of desert varnish, which lowers its albedo, mak-
ing it especially efficient in absorbing solar radiation.
Meanwhile, the 3D geometry plays a role in controlling
heat transfer, as the heated volume of the tower respon-
sible for driving annual frequency changes ismore than
skin-deep. If we assume a typical diffusivity for rock of
10−6 m2/s (Jensen et al., 2024), the characteristic length
scale for annual changes is ∼ 3 m, suggesting that a
tower heating and cooling frommultiple sides likely ex-
periences full-thickness temperature changes over the
year. From these considerations, it appears at our site
that the efficiency of heat transfer by radiative effects
(insolation) outweighs that from convective effects (air
temperature), and thus frequencies best correlate with
annual insolation cycles (cf. Guillemot et al., 2024).
We propose that resonance frequency drifts at Kane
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Figure 6 Five days of representativemonitoring data from Kane Springs Tower. (a) Fundamental frequency and insolation.
Frequency increases each day after sunup with an average delay of ∼ 5 hours vs. insolation. Frequencies decrease as inso-
lation reaches zero at sunset. (b) Rock and air temperatures show more complex correlation with frequency and insolation
reflecting, in part, lagged diffusive effects. Date markers are at 00:00 MDT.

Springs Tower are caused bymaterial property changes
(i.e., stress stiffening) rather than an opening and clos-
ing rear crack (Colombero et al., 2021b). The former
effect invokes thermoelastic stresses caused by heat-
ing and cooling cycles, and a corresponding change in
grain contact and microcrack stresses, resulting in ma-
terial stiffening as the tower warms and softening as
the rock cools. From the analytical formulation of a
cantilever (e.g. Moore et al., 2019), frequencies are ex-
pected to change as E0.5, where E is Young’s modulus.
Therefore, our measured annual resonance frequency
change of ±20% (deviation from themean) relates to an
annual variation in Young’s modulus of approximately
±10%. This simple relationship, however, assumes uni-
form material properties, which may be unlikely given
the pattern of diffusive heat transfer and corresponding
thermal stress propagation in the rock at depth (Geimer
et al., 2022). Differences are additionally reflected in
the annual amplitudes of f1 and f2, where the ampli-
tude of f2 is ∼ 78% that of f1, suggesting anisotropic
material stiffening which may be related to the differ-
ent aspects of the tower and the respectivemode shapes
(Dzubay et al., 2022). Meanwhile, the rear crack at the
Kane Springs Tower is too wide for annual thermal ex-
pansion of the rock walls to cause changes in crack con-
tact area, which would affect modal mass.
Our approach of using numerical modeling to sup-

plement available in-situ insolation data has several ad-
vantages. First, model results overcome our substantial
loss of data caused by an unreliable sensor, but more
generally, these may also supplement existing data that
suffer from gaps or unequal measurement periods. No-
tably, numericalmodeling offers additional flexibility in
selecting monitoring points with different orientations,
something that would be challenging tomanage in field
data acquisition, especially on a steep cliff. Modeling
annual and daily patterns of insolation is, in turn, not a
particularly difficult task for such simulations, as insola-
tion mainly depends on well-established cycles of solar
radiation and few local climate variables.
We find clear correlation in the timing of daily inso-

lation and resonance frequency changes through anal-

ysis of sparse available data as well as numerical mod-
eling results. Resonance frequencies increase daily as
the sun strikes the tower, which is substantially delayed
from sunrise due to the west facing aspect. In summer
this delay can be more than 5 hours, while it is shorter
in winter, an effect related to lower sun angles in winter
allowing sunlight to obliquely strike the tower earlier in
themorning. Throughout the day, we find that frequen-
cies continue to climb until sunset, despite air and rock
temperatures peaking earlier in the afternoon. This pat-
tern again indicates that resonance frequencies, and
thus material properties of the tower, vary in relation
to insolation cycles on a daily timescale. Meanwhile,
the overnight trend of frequency decrease closely mir-
rors rock temperature changes, reflecting diffusive heat
losses from the rock and atmosphere.
An observation facilitated by our insolationmodel re-

sults is the difference between annual and daily cor-
relations between insolation and frequency. We find
that annually, frequency values best correlate with in-
solation modeled for the upward-facing mesa surface,
whereas on the daily scale, the timing of frequency
changes best correlates with insolation modeled on the
west-facing cliff. This difference may be related to
the diffusive depth scale for daily and annual changes;
whereas the characteristic length for annual changes is
∼ 3 m, that for daily changes is ∼ 0.16 m, i.e., daily
temperature changes only occur in a thin outer skin
of the tower while the tower likely heats fully through
on an annual scale. The difference might in turn be
an artifact of a better correlation coefficient for the an-
nual data with the mesa model results rather than the
cliff model results, whereas we see in Figure 5b that
both results fit the data reasonably well. Note that the
magnitude of daily and annual temperature-related fre-
quency drifts is within the range identified from previ-
ous studies, including some in the same area and ma-
terials (Geimer et al., 2022; Colombero et al., 2021b)
and that while past studies have identified additional in-
verse correlations between frequency and temperature
at subfreezing conditions, our data do reveal evidence
of ice-related frequency drifts.
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Figure 7 Normalized fundamental frequency for three representative days in (a) June, (b) September, (c) December. For
each day, modeled insolation is shown at both the mesa and cliff observation points. June and September times are MDT,
December is MST.

Daily frequency drifts also show interesting trends
throughout the year. Notably, we find that daily fre-
quency amplitudes are largest in winter and smallest in
summer (Figure 7). As more solar radiation strikes the
cliff in summer than winter (Figure 5a), we might ex-
pect the opposite. Instead, we propose that changing
internal stress conditions of the rock mass through the
seasons facilitates a greater stress-stiffening response
in winter rather than summer (Guillemot et al., 2024).
Specifically, lower stresses during winter brought on by
thermoelastic contraction cause grain contacts and mi-
crocracks to dilate as compared to during summer con-
ditions, and therefore daily wintertime heating can re-
sult in a greater change in grain and crack contact stiff-
ness resulting in a larger daily frequency amplitude. In
summer,with generalwarming andhigher compressive
stresses, microcracks are more closed and daily tem-
perature fluctuations produce less change in the overall
rock mass stiffness.

7 Conclusion
We monitored resonance frequencies of a 36-m high
sandstone tower in Utah over a period of two years, dis-
covering that frequencies are directly correlated and in
phase with annual insolation changes. This is in con-
trast tomost othermonitoring datasets, including some
from the same area and in similar materials, which
show frequencies are in phase with or lag air temper-
ature changes by days to weeks. We attribute frequency
changes at the tower to material stiffness changes dur-
ing heating and cooling, rather than rear crack aperture
changes, as the bounding crack is too wide to close dur-
ing summer warming. We hypothesize that the dark
patina of desert varnish on many parts of the tower’s
steep faces lowers the rock albedo and facilitates effi-
cient transfer of solar radiation,making the feature par-
ticularly sensitive to insolation. This hypothesis is sup-
portedbypatterns of daily resonance frequencydrifts at
the site which show an increase several hours after sun-
rise, as sun strikes the west-southwest facing tower cliff
face, and a daily frequency decrease at sundown. Our
dataset is oneof only a fewcases of long-termresonance

frequency monitoring reported in the literature. As the
technique becomes increasingly applied for slope sta-
bility analysis and structural health monitoring, it is
crucial to understand factors that influence reversible
frequency drifts if these are to be accounted for in dam-
age detection algorithms. Here we established that res-
onance frequencies of Kane Springs Tower are corre-
lated with annual changes in insolation, rather than air
temperature, as observed at most other sites. The out-
come is that lag times between frequency and (themore
easily-measured) temperature canbebothpositive (nor-
mally observed) and negative (our observations). Our
results indicate that substantial resonance frequency
data may be needed in establishing a slope instabil-
ity monitoring site to support damage detection in the
presence of large environmentally driven drifts.
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