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Abstract Ambient noise interferometry is becoming increasingly popular for studying seismic velocity
changes. Such changes contain information on the structural and mechanical properties of Earth systems.
Application to monitoring, however, is complicated by the large number of processes capable of
inducing crustal velocity changes. We demonstrate this at White Island volcano over a 10-year period
containing multiple well-documented eruptions. Using individual seismic stations, we detect velocity
perturbations that we ascribe to volcanic activity, large earthquakes, and seasonality. Distant seismic
stations capture widespread nonvolcanic changes that are also present at the volcano. Comparison between
velocity changes recorded by distant and local stations then allows us to distinguish volcanic phenomena
from seasonality. Through this, we resolve distinct features in ambient noise-derived velocity changes that
relate to volcanic unrest and a phreatic eruption, illustrating the strength of the approach.

Plain Language Summary Detecting small changes in physical properties at volcanoes is
important toward effectively forecasting volcanic eruptions. One approach is to monitor the speed of
seismic waves at the Earth’s surface, which are sensitive to changes in the rock they pass through. At
volcanoes, such changes may manifest through subsurface pressure increases preceding eruptions.
Correctly interpreting these changes, however, is complicated. Many other, nonvolcanic, processes are
also capable of producing similar wave speed perturbations. At White Island volcano, New Zealand, we
detect changes associated with volcanic activity, large earthquakes, and weather-related processes using
seismometers located on the volcano. We demonstrate that volcanic and nonvolcanic features can be
distinguished by comparing changes recorded at the volcano with those recorded at large distances, where
volcanic changes are not expected to be observed. Through this, we resolve distinct differences that can be
related to volcanic activity, illustrating the strength of this approach.

1. Introduction

Volcano monitoring aims to detect subtle changes at volcanoes where magma ascent, or the disturbance of a
shallow magma reservoir, is expected to induce crustal deformation (Patanè et al., 2003; Sparks, 2003). Recent
advances in seismology have allowed seismic velocity changes to be measured at volcanoes through ambient
noise interferometry (e.g., Anggono et al., 2012; Brenguier, Shapiro, et al., 2008; Brenguier et al., 2011; Duputel
et al., 2009; Mordret et al., 2010; Sens-Schönfelder & Wegler, 2006). This traditionally uses the cross-correlation
of seismic noise recorded by two stations to reveal surface waves traveling between them (Sabra et al., 2005;
Shapiro & Campillo, 2004; Shapiro et al., 2005). Seismic velocity changes are then retrieved by analyzing tem-
poral variations in the resultant cross-correlation functions. Such changes contain information on structural
and mechanical changes within hydrothermal and magmatic systems.

Volcanoes are capable of producing varied seismic velocity patterns. Recent studies have identified both
velocity increases and decreases preceding eruptions, sometimes occurring in different locations simultane-
ously (Anggono et al., 2012; Budi-Santoso & Lesage, 2016; Donaldson et al., 2017; Obermann et al., 2013).
This could reflect distinct deformational styles dependant on the relative position of the pressure source
(Budi-Santoso & Lesage, 2016; Donaldson et al., 2017).
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Figure 1. Map of the study region with significant nearby tectonic earthquakes shown (stars), colored according to the
PGV measured at White Island (Table S3). Earthquakes recording the five largest values are labeled (magnitude and
year). Permanent seismic stations used are displayed as pink triangles, and nearby unused stations as black triangles.
(a) Map of White Island volcano (25-m contours), with its location within New Zealand shown in inset (red cross). Main
Crater and the western subcrater are drawn following Moon et al. (2005). (b) Map of onshore seismic stations.
(c) Earthquakes investigated between 2007 and 2017 (Table S3). PGV = Peak Ground Velocity.

Many other natural phenomena have also been found to produce measurable velocity changes using ambi-
ent noise. These include coseismic and postseismic changes following tectonic earthquakes (e.g., Brenguier,
Campillo, et al., 2008; Chen et al., 2010; Heckels et al., 2018; Lesage et al., 2014; Minato et al., 2012), rainfall
(e.g., Hillers et al., 2014; Rivet et al., 2015; Sens-Schönfelder & Wegler, 2006), atmospheric pressure loading
(e.g., Niu et al., 2008; Silver et al., 2007), atmospheric-temperature-induced thermoelasticity (e.g., Hillers et al.,
2015; Richter et al., 2014), tidal modulation (e.g., Takano et al., 2014; Yamamura et al., 2003), and artificial
changes related to variation in the noise source (e.g., Hillers & Ben-Zion, 2011; Snieder, 2006). Critically, the
amplitudes of velocity changes resulting from these influences can be similar to those resulting from vol-
canic phenomena. Thus, it remains difficult to distinguish between the various processes inducing crustal
velocity changes.

We apply ambient noise interferometry at White Island (Whakaari in Māori), an active stratovolcano located
approximately 50 km offshore (Figure 1). Eruptions are predominantly phreatic, phreatomagmatic, and strom-
bolian in style, typically emitting only small volumes of eruptive material (Cole et al., 2000; Houghton & Nairn,
1991). The upper kilometer hosts a large volcano-hydrothermal system, beneath Main Crater (Figure 1a), with
all recent activity and outgassing confined to the western subcrater (Giggenbach & Glasby, 1977; Nishi et al.,
1996). Magma driving the eruptions are thought to originate from magma reservoirs as shallow as 500 m,
with evidence of deeper reservoirs located between 1–2 and 2–7 km depth (Cole et al., 2000; Houghton &
Nairn, 1989).

Recent activity began in 2012 (supporting information Table S1) following over a decade of relative inactivity.
White Island experienced five ash and steam eruptions, numerous small mud eruptions and geysering, and
extruded a small lava dome during a highly active period between August 2012 and October 2013 (Chardot
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et al., 2015; Jolly et al., 2016). Activity resumed in 2016 with a moderate phreatic eruption in April followed by
a minor ash emission in September, thought to have resulted from vent erosion (GeoNet, 2016a).

2. Data and Methods

White Island has sparse seismic coverage, with only two permanent three-component seismometers located
on the volcano (Figure 1a). Only one of these (WIZ) has been active throughout recent activity (Table S2), hand-
icapping station-pair correlation approaches. One alternative is to cross-correlate the different components
of individual seismic stations, with recent work (Bennington et al., 2018; De Plaen et al., 2016) showing encour-
aging similarities when compared to velocity changes measured using the traditional two station approach.
We therefore apply this technique at White Island, with its sparse seismic coverage providing an excellent test
case for single-station monitoring.

Seismic data are acquired from seven three-component broadband stations that make up part of the perma-
nent GeoNet network between 2007 and 2017. Two of these stations—WIZ and WSRZ—are located on the
volcano (Figure 1a), while the other five stations—HAZ, MWZ, MXZ, OPRZ, and PUZ—are located onshore
(Figure 1b). These are used to gain an understanding of background velocity changes in the region. Station
URZ is excluded as only vertical-component data were acquired.

We also process real-time seismic amplitude measurements (RSAM) and access interferometric synthetic aper-
ture radar (InSAR) data previously processed for White Island (Hamling, 2017). RSAM data are computed by
band passing raw, vertical-component, seismic data—recorded at WIZ—and computing the RMS ampli-
tude in 1-min intervals. The mean for each day is then calculated to give a daily sampling interval. We apply
band pass filters between 1.2 and 5.0 Hz, corresponding to the bandwidth of volcanic tremor at White Island
(Chardot et al., 2015; Jolly et al., 2016; Sherburn et al., 1998), and 0.1 and 1.0 Hz to match the frequency band
used to estimate velocity changes.

Seismic data are processed through to velocity changes using the Python package MSNoise (Lecocq et al.,
2014), using the same parameters for all stations. The data are first band pass filtered between 0.1 and 1.0 Hz,
resampled to 10 Hz, and temporally normalized through clipping data at three times the RMS. If process-
ing single-station cross-components, where different components of a single station are cross-correlated
with each other, spectral whitening is applied. If cross-correlating each component with itself, producing
auto-correlations, no whitening is applied as information is only contained within the amplitude spectrum.
This makes auto-correlations sensitive to changes in the source of seismic noise in addition to changes in
the medium (Hobiger et al., 2014). Finally, the data are cross-correlated in 2-hr time slices and the resultant
cross-correlation functions stacked linearly to 10 days to improve temporal stability. This set of parameter
choices was found to maximize the SNR of cross-correlation functions (Figure S1), after assessment of 1-bit
normalization, different length time slices, and phase-weighted stacking (see also Yates, 2018).

Temporal velocity changes are computed using the moving-window cross-spectral analysis method (Clarke
et al., 2011; Poupinet et al., 1984). Delay times are measured between individual 10-day stacks and a reference
stack—computed using all available 1-day stacks—in a series of 16-s moving windows. The final velocity
change is calculated from the slope of the delay times (𝛿t∕t):

𝛿t
t
= −𝛿v

v
, (1)

where 𝛿v∕v is the relative velocity variation (Lecocq et al., 2014; Ratdomopurbo & Poupinet, 1995). Only delay
times within lags of 20 and 80 s are used—from both sides of the cross-correlation function—with additional
quality control requirements on the maximum delay time (0.4 s), maximum error (0.1 s), and minimum coher-
ence (0.7) between the individual and reference stack (Lecocq et al., 2014). Alternative parameter choices are
demonstrated in Figures S2 and S3. We finish with six independent time series for each station. These are split
into the auto-correlations (EE, NN, ZZ components) and the cross-components (EN, EZ, NZ) after performing
a weighted arithmetic mean based on the error in 𝛿t∕t.

We also compute Pearson’s correlation coefficient between individual and reference stacks within minimum
and maximum lag times. The correlation coefficient here is the average calculated from both the positive and
negative sides of the cross-correlation function. Decorrelation between waveforms can indicate changes in
the scattering of seismic energy (Haney et al., 2015; Obermann et al., 2013). At volcanoes, this may reflect struc-
tural changes associated with volcanic activity (e.g., Obermann et al., 2013). Such changes may be temporary,
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Figure 2. Velocity changes for AC and SC at WIZ (blue line) and WSRZ (orange line). Velocity changes are smoothed
using a 14-day centered moving-window mean for visual clarity, with ±1 standard error shaded around the mean line.
Eruptive activity is split into categories of eruptions, dome growth, and minor eruptive activity (following Table S1),
color-coded following the key. The times of significant tectonic earthquakes—labeled in Figure 1—are also shown
(vertical dashed lines). (a) AC velocity changes. (b) SC velocity changes. (c) Fast Fourier Transform of unsmoothed AC
velocity changes. (d) Fast Fourier Transform of unsmoothed SC velocity changes. AC = auto-correlations;
SC = cross-components.

for example, through the opening and closing of microcracks (e.g., Nur & Simmons, 1969a; Ratdomopurbo &
Poupinet, 1995), or permanent through irreversible structural damage.

3. Results
3.1. Velocity Changes at White Island
White Island stations show strong short-term fluctuations throughout the study period (Figure 2). These are
larger for auto-correlations (Figure 2a), with measurements made using the cross-components found to be
more stable through time (Figure 2b). This is consistent with previous studies, where the reduced stability of
auto-correlations is thought to result from the inability to apply spectral whitening (e.g., De Plaen et al., 2016;
Hobiger et al., 2014). Spectral properties of velocity changes at WIZ do not reveal a clear systematic pattern
to short-term changes (Figures 2c and 2d), as might be expected if influenced by the 14-day tidal stress cycle.
We do not explore the source of these changes further, simply acknowledging that such fluctuations reduce
the ability to interpret velocity changes on time scales less than a few weeks.

Coseismic velocity decreases are distinctly evident at White Island, especially in the cross-component analysis
(Figure 2b). The first decrease occurs at the time of a MW 5.2 earthquake in 2008 (Figure 2), located approx-
imately 10 km from the volcano (Figure 1b). We also identify a velocity decrease at the time of the MW 7.1
Te Araroa earthquake in 2016 (Figures 2 and S4), located over 200 km away from the volcano (Figure 1b).
This is detected in both auto-correlations and cross-component correlations at WIZ and WSRZ (Figures 2a
and 2b). Both earthquakes recorded large peak ground velocities at White Island relative to others investi-
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Figure 3. Onshore SC velocity changes are compared with changes at White Island. (a) Velocity changes at WIZ (blue)
and onshore (green) after being smoothed using a 90-day centered moving-window mean to emphasize seasonal
characteristics. Note that this artificially gives the impression of precursory earthquake decreases rather than coseismic
changes (e.g., Figures S4 and S5). Tectonic and eruptive activity is shown following the key in Figure 2. (b) Yearly,
demeaned, onshore velocity changes are overlain between July and July of each subsequent year (gray lines), with the
mean trend shown (black line). (c) Individual years at WIZ are shown following the key in (a), where colored lines above
the axis denote the time period. SC = cross-components.

gated (∼1 cm/s), with only the MW 7.8 Kaikōura earthquake producing a larger value (Figure 1c and Table S3).
Velocity decreases associated with the Kaikōura earthquake, however, are not as readily distinguishable from
background fluctuations (Figures 2a, 2b, and S4).

Long-term velocity changes at WIZ show an increasing trend that begins following the coseismic decrease in
2008, reaching a maximum at the time of the April 2016 eruption (Figure 2). Again, this is best revealed by
the cross-components (Figure 2b), with the long-term increase partially concealed in the auto-correlations
by strong fluctuations (Figure 2a). At WSRZ, a similar increase is not observed before the April 2016 eruption,
with velocity changes recorded at both stations becoming separated from early-2016 (Figure 2b). Following
the April 2016 eruption, velocities at WIZ decline rapidly to pre-2015 levels within 2–3 months, while changes
at WSRZ remain relatively steady (Figure 2b). Both sites then experience large coseismic velocity decreases
associated with the Te Araroa earthquake.

3.2. Comparison With Onshore Stations
Velocity changes recorded at White Island are compared to measurements made onshore by averaging the
results from HAZ, MWZ, MXZ, and PUZ (Figure 3). OPRZ is excluded from this analysis due to anomalous mea-
surements that strongly influence the onshore trend (Figure S6). We also exclude auto-correlations from this
comparison, with onshore velocity changes poorly recovered (Figure S7). Focusing on the cross-components,
we observe strong similarities in the timing of velocity peaks, suggestive of an environmental process
(Figures 3a and 3b). We also observe a velocity decrease onshore at the time of the MW 7.1 earthquake
(Figures 3a and S5), indicating a widespread regional change, and find evidence for a further decrease follow-
ing the MW 7.8 Kaikōura earthquake (Figure S5). Missing, however, is the velocity decrease in 2008 associated
with the MW 5.2 earthquake, including the subsequent 2- to 3-year recovery period. This is not surprising given
the earthquake’s close proximity to the volcano (Figure 1b).

Overlaying individual years of onshore velocity changes reveals clear seasonality, with peak velocities during
New Zealand summer months (Figure 3b). The source of observed seasonality in noise measurements, how-
ever, remains uncertain when compared with meteorological data sets (Yates, 2018). Absent a more complete
understanding, we use the agreement between peaks at White Island and onshore to distinguish between vol-
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Figure 4. Correlation coefficients, RSAM levels, and interferometric synthetic aperture radar time series are displayed in
relation to eruptive and seismic activity, following the key in Figure 2. (a) CCs calculated for WIZ and WSRZ after being
smoothed using a 14-day moving-window mean. (b) RSAM data filtered between 1.2 and 5.0 Hz. (c) Map of White Island
with points acquired from interferometric synthetic aperture radar shown. (d) LOS displacements are shown for points
displayed in (c), matched by color. Increases in LOS displacement indicate motion away from the satellite, implying
subsidence. Both ascending (top) and descending (bottom) tracks are shown. RSAM = real-time seismic amplitude
measurements; CC = correlation coefficient; SC = cross-components; LOS = line-of-sight.

canic and meteorological processes. In 2012–2013, velocities at White Island resemble the seasonal cycle until
early-2013, with further increases then deviating from the onshore trend (Figure 3c). Similarly, in early-2016,
the velocity recorded at White Island peaks a couple months later than might be expected for the seasonal
cycle (Figure 3c). The magnitude of this increase is also larger than any annual peaks observed both onshore
and at the volcano. Thus, velocity increases in early-2013 and preceding the April 2016 eruption are not likely
to be related to a seasonal influence.

4. Discussion
4.1. Driving Mechanism
Two periods of velocity increase are detected in cross-component velocity changes at WIZ that cannot be
explained by seasonality or by postseismic recovery (Figure 3). The first occurs during a volcanically active
period in 2012–2013 and the second in the months preceding the April 2016 eruption (Figure 3c). Both
coincide with increased RSAM activity (Figure 4b), suggestive of increased tremor activity, and decreases in
the correlation coefficient (Figure 4a). For changes in the correlation coefficient, the lack of a clear change
in 0.1–1.0 Hz RSAM (Figure S8) suggests these decreases are not related to data contamination through
increased volcano seismicity. Also, the correlation coefficient does not appear to suffer during increased RSAM
levels in 2012 (Figure 4). We therefore interpret that decorrelation during minor activity in 2013 and in the
months preceding the April 2016 eruption are suggestive of short-term structural changes at the volcano.
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Note, however, that changes in the correlation coefficient at WIZ from September 2016 are likely related to a
sensor change (Table S2).

Interpretations of seismic velocity changes at volcanoes commonly call upon variations in the distribution
of microcracks (e.g., Ratdomopurbo & Poupinet, 1995). Laboratory experiments have shown that when pres-
sures increase, seismic velocities increase through the closing of cracks (Nur, 1971). At larger pressures, the
development of new cracks results in a seismic velocity decrease as the surrounding rock deforms (Lockner
et al., 1977; Nur & Simmons, 1969b). Velocity increases recorded here could therefore be interpreted to reflect
cracks closing under increased pressures beneath the volcano. However, identifying the physical source of
velocity changes at volcanoes remains a complex problem (e.g., Azzola et al., 2018; Snieder, 2006), requiring
further research.

InSAR data acquisition beginning in early-2015 provides insight into the surface deformation accompanying
velocity changes. In the year preceding the April 2016 eruption, line-of-sight decreases in both ascending and
descending tracks around the crater floor (dark blue in Figures 4c and 4d) are consistent with uplift (Figure S9).
At points coincident with WIZ and WSRZ, however, line-of-sight changes are minimal. This suggests a shallow
source, with the modeled ∼100 m source depth (Hamling, 2017) consistent with depth estimates for similar
uplift episodes at the volcano (Fournier & Chardot, 2012). Such episodes are thought to be related to increased
pore pressures within the hydrothermal system (Fournier & Chardot, 2012). It is not surprising then that the
velocity changes recorded by WIZ and WSRZ do not parallel each other (Figure 2b), as might be expected for
a deeper pressure source. Further, the observation of a velocity increase associated with a shallow inflation
source supports strain modeling by Donaldson et al. (2017).

Following the April 2016 eruption, line-of-sight increases are recorded within the western subcrater, indica-
tive of posteruptive subsidence (Figures 4d and S9). This contrasts with deformation observed around the
lake edge, where varied behavior in ascending and descending tracks represents posteruptive slumping of
the crater wall (Hamling, 2017). The timing of crater floor subsidence coincides with a rapid decline in the seis-
mic velocity at WIZ, a recovery of the correlation coefficient at both stations, and reduced RSAM levels that
resemble pre-2011 behavior (Figures 2b and 4). We interpret this to reflect a reduction in pressure beneath the
volcano following the April 2016 eruption, resulting in deflation at the surface and reduced seismic velocities.

Interestingly, the observed subsidence is much larger in magnitude than the uplift recorded prior to the April
2016 eruption (Figure 4d). This could be indicative of accumulated uplift prior to the acquisition of InSAR data.
If the velocity increase in early-2013 reflects an increase in pressure, then the lack of a subsequent velocity
decrease following eruptive activity in October 2013 would suggest pressures have remained elevated. Such
an interpretation is consistent with increased RSAM levels continuing through 2014 and 2015 (Figure 4b).
The increased magnitude of subsidence following the April 2016 eruption, relative to earlier uplift, may then
reflect the elimation of a long-term pressure source, with the volcano returning to a relatively inactive state.
While ash venting in September 2016 may indicate otherwise, the timing of this renewed activity is curious
given the MW 7.1 Te Araroa earthquake 2 weeks earlier. It is possible then that the earthquake influenced the
timing of this event. As of mid-2018, no further eruptive activity has been recorded at the volcano.

4.2. Volcanic Versus Nonvolcanic Sources
Volcano monitoring using ambient noise is complicated by the large number of processes capable of pro-
ducing measurable velocity changes. Recent studies have tried to apply corrections for changes induced by
rainfall (e.g., Budi-Santoso & Lesage, 2016; Lecocq et al., 2017; Rivet et al., 2015; Wang et al., 2017) and thermoe-
lastic strain (e.g., Lecocq et al., 2017). However, discriminating between the different environmental processes
remains a complex problem, with seasonal changes likely to be a product of multiple sources. Furthermore,
the crustal response to external processes can vary significantly between different regions (Wang et al., 2017),
increasing the analysis required to perform reliable corrections.

At White Island, we use distant seismic stations to distinguish between volcanic and nonvolcanic processes.
This has the advantage of providing a simple comparison data set, while not requiring assumptions about the
source of externally induced changes. We identify clear deviations from background behavior during erup-
tive activity in 2013 and in the months preceding the April 2016 eruption (Figure 3). Further, the detection
of a coseismic velocity decrease onshore following the MW 7.1 Te Araroa earthquake confirms its widespread
impact, allowing similar decreases at White Island to be classified as nonvolcanic despite preceding volcanic
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activity. Thus, distant seismic stations may allow local volcanic processes to be distinguished from more
widespread nonvolcanic processes.

An interesting finding of this study is the striking velocity changes caused by nearby tectonic earthquakes
(Figures 2, S4, and S5). Earthquake-induced velocity changes are well established, with numerous examples of
coseismic and postseismic deformation detected using ambient noise (e.g., Brenguier, Campillo, et al., 2008;
Chen et al., 2010; Heckels et al., 2018; Lesage et al., 2014; Minato et al., 2012). At volcanoes, these changes
have been related to mechanical weakening of the crust following the passage of seismic waves (Brenguier
et al., 2014; Lesage et al., 2014). Following the approach of Brenguier et al. (2014), we calculate the seismic
velocity susceptibility at White Island (Table S3), defined as the ratio between observed velocity decreases and
estimated dynamic stress changes. This has been proposed as a proxy for determining fluid pressurization in
volcanic systems (Brenguier et al., 2014). Both the MW 5.2 and the MW 7.1 Te Araroa earthquake record a sus-
ceptibility of approximately 1.0 × 10−2 MPa−1 (Table S3), an order of magnitude larger than those calculated
by Brenguier et al. (2014) following the Tohoku-Oki earthquake. Interestingly, despite having recorded the
largest ground motions (Table S3), coseismic velocity decreases associated with the MW 7.8 Kaikōura earth-
quake are ambiguous. For a susceptibility of 1.0 × 10−2 MPa−1, the expected velocity drop would be over
0.15%. The absence of such a coseismic change may be related to the close temporal proximity of the Te
Araroa earthquake, with seismic velocities yet to recover by the time of the Kaikōura event two months later.

5. Conclusions

We apply a single-station approach to ambient noise monitoring at White Island volcano. Seismic velocity
increases are identified during volcanic activity in 2012–2013 and in the months preceding a phreatic erup-
tion in April 2016. InSAR measurements show surface uplift accompanied the velocity increase in 2016, while
posteruptive subsidence accompanied a velocity decrease following the eruption. The agreement of these
data sets highlights the capability of individual seismic stations to detect volcanic changes in an environment
unsuitable for the traditional approach to ambient noise interferometry.

Nonvolcanic sources of velocity change are also detected at White Island, highlighting the complexity
involved when interpreting ambient noise results. Coseismic velocity decreases are distinctly evident after
large earthquakes, followed by periods of postseismic recovery. We also identify environmentally induced
changes, with strong similarities between velocities recorded at the volcano and those recorded over a wider
region. Comparison between distant and local seismic stations then allowed us to distinguish changes related
to volcanic phenomena. However, the observation of many controlling processes highlights the need for an
improved understanding of background behavior in order to correctly interpret short-term velocity changes.
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