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Landslide movement in southwest Colorado
triggered by atmospheric tides
William H. Schulz1*, JasonW. Kean1 and Gonghui Wang2

Landslides are among the most hazardous of geological
processes, causing thousands of casualties and damage on
the order of billions of dollars annually1. The movement
of most landslides occurs along a discrete shear surface,
and is triggered by a reduction in the frictional strength
of the surface2. Infiltration of water into the landslide from
rainfall and snowmelt and ground motion from earthquakes are
generally implicated in lowering the frictional strength of this
surface. However, solid-Earth and ocean tides have recently
been shown to trigger shear sliding in other processes, such as
earthquakes and glacial motion3–6. Here we use observations
and numerical modelling to show that a similar process—
atmospheric tides—can trigger movement in an ongoing
landslide. The Slumgullion landslide, located in the San Juan
Mountains of Colorado, shows daily movement, primarily
during diurnal low tides of the atmosphere. According to our
model, the tidal changes in air pressure cause air and water
in the sediment pores to flow vertically, altering the frictional
stress of the shear surface; upward fluid flow during periods
of atmospheric low pressure is most conducive to sliding. We
suggest that tidally modulated changes in shear strength may
also affect the stability of other landslides, and that the rapid
pressure variations associated with some fast-moving storm
systems could trigger a similar response.

In an attempt to increase the understanding of mechanisms
triggering large-scale shear failure in natural settings, we studied the
20×106 m3 Slumgullion landslide (Supplementary Fig. S1) located
in southwestern Colorado, USA. Although generally referred to
as a flow7, the landslide is properly classified as a slide8 because
movement occurs by translational sliding along bounding faults9
rather than by flowing. The landslide occurs in loamy soil and
weathered rock, is 3.9 km long and averages about 300m wide. Its
thickness is known at only its downslope end where it averages
about 20m. In the few locations where directly observed, the
groundwater table within the landslide is located about a metre or
two below the ground surface10,11. Daily landslide speed is generally
consistent throughout the year except during spring snowmelt and
exceptional rainfall when its speed may approximately double10,11.
Although long-term, nearly perpetual movement of the landslide
may seem to be unique, observations since 1998 indicate that
groundwater levels within the landslide have varied by less than
one metre10,11; we ascribe the nearly perpetual movement of the
landslide to the consequent long-term stability of pore-water
pressures and resulting effective stresses.

We monitored conditions at two locations on the landslide.
Hourly measurements of displacement, pore-water pressure to
a depth of 9.1m and meteorological conditions were made
for nine months near the longitudinal centre of the landslide
(Supplementary Fig. S1). Driving forces are greatest in this part of
the landslide12 and it moves fastest9 with an annual average speed
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Figure 1 | Comparison of landslide speed and atmospheric pressure.
a,b, Records for the colder period with slow movement (a) and for the
spring snowmelt period with rapid movement (b). Speed records are from
the longitudinal centre of the landslide.

of 0.47mmh−1. Our measurements were made when landslide
movement is slowest during the winter–spring colder period and
when landslide movement is fastest during the spring snowmelt
period. We also made hourly displacement measurements for one
month during the colder period at a location on the lower part of
the landslide (Supplementary Fig. S1), which has an annual average
speed of 0.28mmh−1.

Landslide motion was detected every day at both locations but
the movement was episodic, occurring only during distinct periods
totalling eight or less hours per day (Methods). Daily movement
episodes correlatedwell with diurnal atmospheric low tides (Fig. 1).

The results of Fourier analyses of unfiltered pressure data
(Fig. 2, Supplementary Fig. S2) show the well-known 24- and 12-h
atmospheric tides13 and meteorologically driven pressure changes
with periods greater than about 10 days. Spectral analyses of
unfiltered landslide speed data show that movement was restricted
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Figure 2 | Comparison of power spectra of atmospheric pressure and
landslide speed. Speed records are from the longitudinal centre of the
landslide. The power spectrum of speed from a control sensor located off
the landslide is also shown.

to periodicities of 12 and 24 h (Fig. 2, Supplementary Fig. S2). Daily
movementwas exactly in phasewith the daily tidal low. The half-day
movement lagged the half-day low tide by three hours. Pore-water
pressure response at a depth of 9.1m to daily and shorter-period
atmospheric tides was two orders of magnitude lower than the tidal
pressures and lagged the tides by four to six hours. The negligible
tidally induced pore-water pressure changes at depth and their lack
of temporal correlation with landslidemovement indicate that such
changes did not trigger movement. Instead, daily and half-day low
tides triggered landslidemovement by a differentmechanism.

We developed a simplemodel to explain the correlation between
landslide movement and atmospheric tidal lows. We started with
the infinite-slope stability model2, which considers a landslide as
a rigid block on an inclined plane with resistance to motion given
by the Mohr–Coulomb failure rule. This rule states that, at limiting
equilibrium, shear stress, τ , is equal to shear strength:

τ = c ′+ (σ −u)tan φ′ (1)

where σ and u are total normal stress and pore-water pressure
on the surface of shear failure, respectively, and c ′ and φ′ are
soil cohesion and the angle of internal friction for effective stress,
respectively. According to equation (1), frictional stress depends
on pore-water pressure and total normal stress, which is generally
considered to result from the weight of soil overlying the shear
surface2. However, fluctuating air pressure applied at the ground
surface, such as the pressure from atmospheric tides, may also
affect frictional stress. Air-pressure fluctuations propagate in a
slope-normal direction through soil (or ice or rock) pores and
transfer into groundwater. The fluctuations cause fluid (air and
water) flow from areas of high pressure to areas of low pressure,
and the moving fluids exert viscous drag on the soil skeleton that
modifies frictional stress. Increased air pressure causes downward
fluid movement, which produces a downward-directed force that
increases frictional stress, whereas decreased air pressure causes
upward fluid movement, which produces an upward-directed
force that decreases frictional stress. The magnitude of the stress
change depends on soil and fluid properties, landslide thickness
and groundwater depth. In relative terms, if pore throats are
very narrow and the distance to the landslide base is very long,
pressure fluctuations are nearly completely transferred to the soil
skeleton, resulting in the greatest stress modification. If pore
throats are very wide and the distance to the shear surface is very
short, pressure fluctuations propagate relatively unimpeded to the

landslide base so the stress modification is negligible. Pressure
fluctuations are damped and delayed as they propagate, so the
resulting normal stress applied to the soil skeleton is given by
Pa(t )− Pl(t ), where Pl(t ) is the fluctuating pressure that results
at the depth of the shear surface from application of fluctuating
atmospheric pressure, Pa(t ), at the ground surface and t is time.
Consequently, equation (1) becomes:

τ (t )= c ′+[σ −u+Pa(t )−Pl(t )]tan φ′ (2)

As indicated by equation (2), upward fluid flow during periods
of low atmospheric pressure (Pa(t ) < 0) reduces frictional stress
and increases the likelihood of landslide movement. Downward
fluid flow during periods of high atmospheric pressure (Pa(t )> 0)
increases frictional stress and reduces the likelihood of landslide
movement. For nearly impermeable media, such as glacial ice,
atmospheric pressure fluctuations do not propagate to any depth,
so these fluctuations directly modify frictional strength as given by
equation (2) for Pl(t )= 0.

Atmospheric pressure fluctuations, Pa(t ), may be decomposed
into individual components (i= 1 to n) representing atmospheric
tides andmeteorologically driven pressure changes:

Pa(t )=
n∑

i=1

Aicos
(
2π t
Ti

)
(3)

where Ai and Ti are the amplitude and period of each fluctuation,
respectively. Viscous drag and consequent damping and delay of
propagating pressure fluctuations are much stronger below the
water table than above14, so, for a landslide with relatively shallow
groundwater compared with its thickness, such as the Slumgullion
landslide, Pa(t ) may be assumed to be applied entirely and
immediately at the water table. The resulting pressure fluctuation at
the landslide base is given by15 (SupplementaryDiscussion):

Pl(t )=
n∑

i=1

Aiexp
(
−l
√
π

TiD

)
cos
(
2π t
Ti
− l
√
π

TiD

)
(4)

where l is the slope-normal water-saturated landslide thickness and
D is the hydraulic diffusivity. The exponential termdescribes damp-
ing of each fluctuation. Stronger damping results in development
of greater pressure imbalance, |Pa(t )− Pl(t )|. Damping increases
as diffusivity and the period of pressure fluctuation decrease and
as saturated thickness increases (equation (4)). Figure 3a shows
damping with variable l andD for a typical diurnal atmospheric tide
(A=0.5 kPa) (Supplementary Figs S4 and S5). The figure shows that
atmospheric tides are almost completely damped (|Pl(t )|�|Pa(t )|)
at the base of a variety of landslides, including clayey landslides,
loamy landslides with saturated thicknesses greater than about 8m
(such as Slumgullion) and coarse-grained landslides with saturated
thicknesses greater than about 25m. Similar atmospheric pressure
changes from rapidly moving storm systems would also be nearly
completely damped under these conditions.

Accounting for the effects of atmospheric-pressure oscillations
on shear strength (equation (2)) and assuming the landslide’s basal
shear surface and groundwater flow are parallel to the ground
surface, the infinite-slope stability model becomes:

F(t )=
c ′+ tan φ′[(dγu+ lγs)cos θ− lγwcos θ+Pa(t )−Pl(t )]

(dγu+ lγs)sin θ (5)

where F is the factor of safety for the slope given by the ratio
of shear strength to shear stress, d is the slope-normal depth of
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Figure 3 | Variation of tidal effects with thickness. Model results for soils
with D= 10−3,10−4,10−6 and 10−8 m2 s−1, which are typical for sandy to
clayey soils20,21. D= 7.8× 10−5 m2 s−1 is estimated for the Slumgullion
landslide. a, Pressure damping for T= 24 h (86,400 s),A=0.5 kPa and
variable D estimated from equations (3) and (4). b, Maximum variation of
1+[Pa(t)−Pl(t)]/l(γs−γw) with l assuming full saturation, A=0.5 kPa and
γs of soil at Slumgullion. 1+[Pa(t)−Pl(t)]/l(γs−γw) is representative of
tidal effects on relative slope stability, with larger numbers indicating
greater effects and smaller numbers indicating lesser effects.

the water table, θ is the angular inclination of the ground surface
and γw, γu and γs are the weights of unit volumes of water, soil
above the water table and soil below the water table, respectively.
F is commonly used in engineering analyses and represents relative
stability, which is unity at limiting equilibrium, greater than unity
for stable slopes and less than unity for unstable slopes. Equation (5)
indicates that periods of low atmospheric pressure (Pa(t ) < 0)
decrease shear strength and F , whereas periods of high atmospheric
pressure (Pa(t )>0) increase shear strength and F .

The maximum magnitude of atmospheric tidal pressure varies
little worldwide compared with landslide thickness, which varies
over two orders of magnitude, so the degree to which tides
modify slope stability should strongly depend on thickness as
well as on pressure damping. Figure 3b illustrates this apparent
dependency by showing the combined relative effects on slope
stability of the weights of soil and groundwater, atmospheric
pressure fluctuations and diffusivity by focusing only on the
part of equation (5) that is dependent on these parameters,
[l(γs−γw)+Pa(t )−Pl(t )]/lγs, and assuming A = 0.5 kPa, full
saturation and γs of soil at Slumgullion (Methods). For clarity,
[l(γs−γw)+Pa(t )−Pl(t )]/lγs was normalized by l(γs−γw)/lγs
to give 1+ [Pa(t )−Pl(t )]/l(γs − γw). For example (Fig. 3b), for
clayey soils, the model indicates that essentially no pressure from
atmospheric tides propagates to even very shallow depths, so tidal
effects on the stability of clayey soils should increase as they thin and
become quite strong. In contrast, a significant proportion of tidal
pressure should propagate through thin, coarser soils so tidal effects
on their stability should be negligible initially but increase as soil
thickens to some threshold depth (about 11m for sandy soil) before
decreasing. Soils with intermediate particle sizes show intermediate
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Figure 4 | Comparison of observed landslide speed with the landslide
factor of safety estimated using equation (5). The time period shown is
17 March 2008 to 22 March 2008.

pressure responses. Tidal effects are predicted to be similar for all
soils thicker than about 25m.

We solved equations (3)–(5) to evaluate the effects of
atmospheric tides on the stability of the Slumgullion landslide. For
input, we used monitoring results and a more complicated form of
equation (4) to estimate D= 7.8×10−5 m2 s−1 for water-saturated
landslide materials (Supplementary Discussion). Monitoring re-
sults were used also to estimate averageAi for 24- and 12-h tides.We
measured strength parameters and unit weights in our laboratory.
Equation (5) and an estimated average groundwater depth d = 2m
provides an estimated landslide thickness l+d = 38m. Using these
parameter values, equations (3)–(5) indicate that 12- and 24-h
atmospheric tides produce a maximum change of F = 0.4% for the
landslide. Figure 4 shows that there is good agreement between our
model results and observed landslidemovement.

Our findings demonstrate that atmospheric tides trigger episodic
movement of the Slumgullion landslide, and ourmodelling suggests
that tidally induced pressure imbalance is a plausible mechanism
to explain our observations. For comparison, although solid-Earth
tides may trigger some earthquakes and volcanic eruptions, we
found that they modify the landslide’s F by only 10−10. In addition
to explaining our observations, our results suggest that atmospheric
tides can trigger shallow and deep landsliding elsewhere. We
expect that climatically driven, rapidly occurring atmospheric
pressure fluctuations may also trigger landsliding. Our findings
imply that atmospheric tides and similar fluctuations may trigger
other geological phenomena that are nearly at failure and involve
sliding on shear surfaces, such as earthquakes, volcanic eruptions
and glacier movement.

Methods
Near the longitudinal centre of the landslide (Supplementary Fig. S1), we
measured atmospheric pressure and pore-water pressures to a depth of 9.1m
using vibrating-wire pressure transducers with 0.3 kPa accuracy and 0.09 kPa
resolution. Landslide movement was measured at each of the monitoring locations
using opposing pairs of high-tension linear extension transducers with 0.7mm
accuracy and 8× 10−4 mm resolution. Identical extension transducers were
placed for control on unmoving ground off the landslide adjacent to each pair
located on the landslide. To evaluate whether hourly measurements indicating
no landslide movement were correct (the transducers are not perfectly accurate),
we compared multi-day sums of hourly displacement measurements to the total
displacements measured during the same multi-day periods. The displacements
from cumulative hourly measurements exactly matched total displacements.
For example, measurements made by one of the transducers located near the
landslide centre at 0:00:00 hrs on 13March 2008 and 29May 2008 (the period from
installation to just before the sensor was reset because of total-range limitations)
were 94.9 and 940.6mm, respectively, indicating 845.7mm of displacement during
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this period; the sum of hourly measurements made by this transducer for the same
period was 845.7mm. This supports our conclusion that the landslide is completely
stationary (that is, not slowly creeping) between periods of measured movement.
All measurements were made hourly with sensor control and data storage provided
by solar- and battery-powered data loggers.

The shear strengths of three samples from landslide shear surfaces
(Supplementary Fig. S1) were measured using large ring-shear apparatus16 at
loads of 100–250 kPa, which bound the expected pressure range at the landslide
base using previous estimates of landslide thickness17. Tests indicated consistent
strengths (Supplementary Fig. S3) with average c′ = 23.0 kPa and φ′ = 15.4◦;
standard deviations were 8.5 kPa and 0.4◦, respectively.

Unit weights were measured18 (Standard D 2937) for nine relatively
undisturbed samples obtained from the surface of the landslide and from
hand-excavated pits. Tests returned average values of γu = 12.9 kNm−3 and
γs=14.4 kNm−3. Standard deviations were 1.3 kNm−3 for both data sets.

We estimated changes in F from solid-Earth tides by modifying unit weights
used in equation (5) by incorporating acceleration from solid-Earth tides. This
was done by multiplying γu,γs and γw in equation (5) by {[9.8085− s(t)]/9.8085},
where s(t ) is the magnitude of the solid-Earth tide in terms of acceleration
in m s−2, and defining Pa(t ) = Pl(t )= 0. We estimated s(t ) for the landslide
location during the monitoring period using tides.exe (J. L. Ahern, 1993,
www.leapsecond.com/tools/tides.exe), which uses standard formulations for tide
predictions19. Predicted tides had dominant periods of 25.8, 24.0, 12.4 and 12.0 h;
periods of 12.4 and 25.8 h do not correlate temporally with observed landslide
movement. Maximum s(t ) resulted in variation of F of 10−10.
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