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ABSTRACT: Hillslope asymmetry, i.e. variation in hillslope form as a function of slope aspect and/or mean solar insolation, has
been documented in many climates and geologic contexts. Such patterns have the potential to help us better understand the
hydrologic, ecologic, and geomorphologic processes and feedbacks operating on hillslopes. Here we document asymmetry in the
fraction of hillslope relief accommodated by cliffs in weathering-limited hillslopes of drainage basins incised into the East Kaibab
Monocline (northern Arizona) and Raplee Ridge Monocline (southern Utah) of the southern Colorado Plateau. We document that
south- and west-facing hillslopes have a larger proportion of hillslope relief accommodated by cliffs compared with north- and
east-facing hillslopes. Cliff abundance correlates positively with mean solar insolation and, by inference, negatively with soil/rock
moisture. Solar insolation control of hillslope asymmetry is an incomplete explanation, however, because it cannot account for
the fact that the greatest asymmetry occurs between southwest- and northeast-facing hillslopes rather than between south- and
north-facing hillslopes in the study sites. Modeling results suggest that southwest-facing hillslopes are more cliff-dominated than
southeast-facing hillslopes of the same mean solar insolation in part because potential evapotranspiration rates, which control the
soil/rock moisture that drives weathering, are controlled by the product of solar insolation and a nonlinear function of surface
temperature, together with the fact that southwest-facing hillslopes receive peak solar insolation during warmer times of day
compared with southeast-facing hillslopes. The dependence of water availability on both solar insolation and surface temperature
highlights the importance of the diurnal cycle in controlling water availability, and it provides a general explanation for the fact that
vegetation cover tends to exhibit the greatest difference between northeast- and southwest-facing hillslopes in the Northern
Hemisphere and between southeast- and northwest-facing hillslopes in the Southern Hemisphere. Copyright © 2017 John Wiley
& Sons, Ltd.
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Introduction
Problem statement
Hillslope asymmetry has become an important topic in
geomorphology in recent years, especially as the study of
geomorphology has become more integrated with hydrology
and ecology. A better understanding of the causes of hillslope
asymmetry has the potential to help identify the dominant
processes and feedback mechanisms acting on hillslopes, since
spatial variations in solar insolation affect different processes in
different ways. The aspect and gradient of a hillslope, in
addition to the presence/absence of surrounding topography
that cause shading, controls solar insolation and hence local
soil temperatures and evapotranspiration rates (Grayson et al.,
1997; Williams et al., 2009; Gutiérrez-Jurado and Vivoni,
2013a, b; Hinckley et al., 2014; Yetemen et al., 2015a, b). If
precipitation rates are approximately uniform at a study site,

higher potential evapotranspiration rates on south-facing
hillslopes result in less soil/rock moisture available to drive
many weathering (defined herein as the breakdown of bedrock
into transportable material) and sediment transport processes.
Hillslope asymmetry studies focused on study sites in the
western USA have generally documented steeper N-facing
hillslopes compared with S-facing hillslopes at all but the
highest elevations. Poulos et al. (2012), for example,
documented steeper N- and W-facing hillslopes, on average,
compared with corresponding S- and E-facing hillslopes in the
western USA. A range of explanations has been proposed for
this pattern. In water-limited environments, S-facing hillslopes
may experience faster erosion by overland flow as a result of
the lower vegetation cover and/or the higher runoff potential
of such hillslopes (Melton, 1960; Istanbulluoglu et al., 2008;
Yetemen et al., 2010, 2015a, b; Gutiérrez-Jurado and Vivoni,
2013a, b). Hillslope erosion may be dominated by diffusive
processes (e.g. creep and bioturbation) on hillslopes with
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substantial vegetation cover (Tarboton et al., 1992; Perron
et al., 2008), however, this fact has motivated explanations
for hillslope asymmetry based on how soil moisture affects rates
of colluvial, rather than fluvial, transport processes. Anderson
et al. (2013), for example, argued that the primary role of slope
aspect in influencing hillslope form in their study sites in the
Colorado Front Range is via temperature changes that
modulate the frequency of freeze–thaw events, and hence the
rate of creep-driven sediment transport, during glacial epochs.
West et al. (2014) provided support for the Anderson et al.
(2013) hypothesis using meteoric 10Be inventories in regolith
from the Shale Hills Critical Zone Observatory in Pennsylvania.
McGuire et al. (2014) proposed that the higher vegetation
cover of S-facing hillslopes during glacial epochs drove higher
rates of bioturbation on the Pleistocene-aged cinder cones they
studied at elevations of 2.1–2.4 km a.s.l. in northern Arizona.
These and other proposed mechanisms are not mutually
exclusive; more than one set of mechanisms may be important
at a given study site, and different mechanisms may be
operative at different locations across a region.
The diversity of explanations that have been proposed for
hillslope asymmetry suggests that end-member cases may be
particularly useful for discriminating among alternative
hypotheses. On transport-limited hillslopes, erosion rates are
a function of the thickness of soil available for transport
(Heimsath et al., 2005), which, in turn, is a function of the
long-term difference between erosion and weathering rates,
both of which are complex functions of soil temperature, soil
moisture, and biological processes controlled by these
variables. On weathering-limited hillslopes, fewer processes
control hillslope form. Soils are generally thin or absent on
weathering-limited hillslopes and the erosion rate, by
definition, equals the weathering rate because erosion occurs
at the same rate that weathering makes soil/debris available
for transport. In addition, cliffs are generally devoid of
vegetation, hence weathering and transport processes driven
by vegetation cover can generally be neglected.
In the most important study of asymmetry in weatheringlimited hillslopes to date, Burnett et al. (2008) documented
steeper S-facing hillslopes and a higher percentage of cliffs on
S-facing hillslopes compared with N-facing hillslopes in three
canyons incised into the Morrison Formation in northeastern
Arizona. This pattern is the opposite of that typically found in
the western USA (i.e. steeper N-facing hillslopes) but is similar
to the slope asymmetry pattern in the Martian midlatitudes
(Kreslavsky and Head, 2003). Using measurements derived
from in situ soil moisture and soil temperature sensors,
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Burnett et al. (2008) documented warmer and drier soil
conditions on S-facing hillslopes compared with N-facing
hillslopes. Burnett et al. (2008) concluded that greater solar
insolation on S-facing hillslopes results in warmer and drier
conditions that inhibit the clay hydration process thought to
be the dominant weathering process of the Morrison
Formation. Finally, Burnett et al. (2008) documented that Efacing hillslopes are more similar to N-facing hillslopes and
W-facing hillslopes more similar to S-facing hillslopes in terms
of the proportion of the slope with unweathered bedrock at the
surface (Burnett et al., 2008; Figure 10(A)). In this paper we use
Airborne Laser Swath Mapping (ALSM) data from the East
Kaibab Monocline (EKM) and Raplee Ridge Monocline (RRM)
(Figures 1 and 2) to test whether the weathering-limited
hillslope asymmetry patterns documented by Burnett et al.
(2008) occur elsewhere in the southern Colorado Plateau.
In addition to Burnett et al. (2008) and Poulos et al. (2012),
two additional studies have explored variations in slope
steepness in W- versus E-facing slopes in relatively warm, arid
climates. Smith (1978) found that talus slopes downslope from
ENE- and WSW-facing cliffs were steeper than slopes of other
aspects. Smith (1978) proposed an explanation for this pattern
based primarily on thermal weathering, i.e. rapid heating and
cooling during sunrise and sunset and preferential retention of
dew on WSW-facing slopes that remain in shadow for much
of the morning. Kidron et al. (2016) documented higher rates
of weathering on E-facing slopes compared with W-facing
slopes, a result they attributed to westerly winds causing
lower nocturnal temperatures on W-facing slopes, thereby
facilitating dew condensation and the growth of epilithic
lichens which may act as bio-protectors on W-facing slopes.
These studies highlight the potential importance of diurnal
variations in moisture delivery and/or temperature on
weathering processes.
Steeper W- or SW-facing hillslopes have also been
documented in many periglacial environments (see French,
2007, Table 13.1 for a review), a result that has been attributed
to the effects of wind on differential snow and loess cover
and/or on the effects of temperature on rates of freeze–thaw–
driven weathering and solifluction. Periglacial processes are
not likely to be significant in the relatively warm and arid
slopes considered in this study, even during glacial epochs.
Periglacial activity may have been significant above elevations
of approximately 2.4 km in west-central Mexico, increasing to
2.95 km a.s.l. in east-central Arizona at the Last Glacial
Maximum (Blagbrough, 1994). Our study sites are well below
these elevations, i.e. maximum elevations are 1.7 km a.s.l. in

Figure 1. Landsat satellite image of the southern Colorado Plateau, illustrating the locations of the two study sites. [Colour figure can be viewed at
wileyonlinelibrary.com]
Copyright © 2017 John Wiley & Sons, Ltd.
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Figure 2. Shaded-relief images of the (A) East Kaibab Monocline and (B) Raplee Ridge Monocline sites. The Raplee Ridge site is divided into a (C)
northern and (D) southern site. Elevations below approximately 2.1 km in the EKM are not shown in (A) because ALSM data were collected only in
areas above 2.1 km a.s.l. [Colour figure can be viewed at wileyonlinelibrary.com]

the Raplee Ridge Monocline located north of New Mexico and
2.7 km a.s.l. in the East Kaibab Monocline of Arizona.
The questions of whether and how asymmetry develops
between W- and E-facing hillslopes is an important and
relatively understudied aspect of the hillslope asymmetry
problem. Ecologists have long recognized that the greatest
aspect differences in vegetation cover and/or biomass
generally occur between SW-facing versus NE-facing
hillslopes in the Northern Hemisphere and between NWfacing versus SE-facing hillslopes in the Southern Hemisphere
(Boyko, 1947; Perring, 1959; Holland and Steyn, 1975;
Radcliffe and Lefevre, 1981; Bale et al., 1998; Desta et al.,
2004). That is, the driest hillslopes with the least vegetation
cover tend to occur not on hillslopes that face directly
equatorward but rather on hillslopes that face equatorward
but also have a W-facing component. While this pattern is
likely not universal, it is observed over a wide range of
climates, not just arid or semi-arid climates. We hypothesize
that this pattern is partly a result of the fact that potential
evapotranspiration is a function of the product of solar
insolation and a nonlinear function of temperature, together
with the fact that SW-facing hillslopes receive peak solar
insolation during warmer times of day compared with SEfacing hillslopes. We evaluate this hypothesis by quantifying
potential evapotranspiration in a model framework that
resolves the diurnal cycles of both solar insolation and
temperature.
Poulos et al. (2012) made a distinction between the terms
valley asymmetry and hillslope asymmetry, using the former
to describe asymmetry on opposite sides of the same valley
and the latter to refer to analyses of all hillslopes in a given
study area. In this paper we do not make a firm distinction
between these two terms but we follow the spirit of the valley
asymmetry approach by restricting the analysis to drainage
basins that have well-defined boundaries and are locally
incised into the same bedrock stratigraphic sequence. This
approach guarantees that opposing hillslopes encounter
precisely the same bedrock sequence.
Copyright © 2017 John Wiley & Sons, Ltd.

Study sites
This study includes portions of the East Kaibab Monocline
(EKM) and the Raplee Ridge Monocline (RRM) (Figure 2). These
areas were chosen because localized incision has occurred in
drainage basins with a wide range of orientations and
relief/depths-of-incision and because ALSM data are available.
In addition, the two areas have their largest structural dips in
opposite directions, the EKM dips predominantly eastward
while the RRM dips westward. Hence, if similar results are
obtained from the two study sites, they are unlikely to be a
result of structural control. The RRM site was subdivided into
two sites: a northern and a southern portion. The northern
portion has the advantages that all of the drainage basins are
bounded by the same stratigraphic unit (the McKim Limestone),
and it is small enough for the bedrock geology to be completely
mapped. The southern portion has the advantage that it is larger
and hence yields results with greater statistical significance.
The EKM and RRM are fault propagation folds that formed
during the Laramide orogeny (72–50 Ma) (Tindall and Davis,
1999; Mynatt et al., 2009). The fold axis of the section of the
EKM we consider trends N15°W. The structural relief across
the EKM is greatest in the southern portion of the study site
where it approaches 400 m and decreases to approximately
250 m at the northern end (Figure 2(A)). The fold axis of the
RRM trends approximately N–S, i.e. the gently-plunging
southern nose trends 175°, and the gently-plunging northern
nose trends 15° (Mynatt et al., 2009). In both cases, folding
generated structural relief into which localized incision has
occurred. The timing of drainage basin formation within the
study sites is not precisely known but in the case of the EKM
likely occurred within the past 10 Myr. Flowers et al. (2008)
used apatite (U-Th)/He thermochronology to constrain when
the Kaibab limestone cooled below 70°C (Figure 7 of Flowers
et al., 2008). The portion of the EKM considered in this paper
straddles two zones identified by Flowers et al. (2008): one in
which exhumation is dated between 28 and 18 Ma and another
between 6 and 0 Ma. Therefore, it is likely that incision into the
Earth Surf. Process. Landforms, Vol. 42, 1408–1418 (2017)
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Kaibab occurred at or after some intermediate value between
these two age ranges.
Bedrock in both the EKM and RRM is comprised of
limestones, sandstones, and shales (Figure 3). The geologic
mapping that led to Figure 3 was performed in the field and
using aerial imagery. Billingsley (2000) and Mynatt et al.
(2009) served as the primary guides to the stratigraphy of the
EKM and RRM study sites, respectively. The limestones and
sandstones are cliff-forming units (or have at least one subunit
that has a tendency to form cliffs), with the relative
abundance/height of the cliffs dependent on slope aspect (the
focus of this paper) and contributing area (i.e. visually, more
convergent hillslope segments and hollows tend to be less
cliff-dominated and more planar or divergent segments tend
to be more cliff-dominated). Cliffs are generally taller in the
EKM site than in the RRM site. In the EKM, cliffs on SW-facing
hillslopes are generally 10–40 m tall in portions of the Kaibab,
Toroweap, and Coconino units, with cliff height generally
lower in the northern portion of the study area where drainage
basins are relatively less incised. Cliffs in the RRM site rarely
exceed 10 m in height and many are as low as 2–4 m. The
limestone units in both the EKM and RRM contain substantial
clastic material (e.g. dolomite and chert clasts in the Kaibab
Limestone). As such, while these units likely undergo more
chemical weathering than the sandstones and shales, their
weathering is not purely chemical in nature.
The study sites occur within a range of elevations from 1300
to 2700 m a.s.l. in the arid to semi-arid southern Colorado
Plateau. The EKM is the higher of the two sites, with elevations
ranging from 2100 to 2700 m a.s.l.; the RRM occurs at
elevations between 1300 and 1700 m a.s.l. Mean annual
temperatures decrease and mean annual precipitation
increases with increasing elevation in the region. The southern
Colorado Plateau has a biseasonal precipitation regime, with
summer precipitation dominating in the eastern portion and
winter precipitation dominating in the western portion
(Mock, 1996).
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The vegetation cover of the study sites is arguably less
relevant here than for many geomorphic studies because the
focus of this study is on cliffs where little to no vegetation is
established due to the near-vertical hillslopes and the absence
of soil cover. However, vegetation is relevant as a local climate
proxy. Vegetation in the southern Colorado Plateau can be
defined in terms of a series of elevational zones, with generally
higher biomass on NE-facing hillslopes compared with SWfacing hillslopes of the same elevation (Weng and Jackson,
1999). In the vicinity of RRM, a mixed-shrub community
dominated by blackbrush (Coleogyne ramosissima), shadscale
(Atriplex confertifolia), and Mormon tea (Ephedra torreyana) is
found (Turner, 1982). Pinyon–juniper woodlands occupy
extensive areas from 1600 to 2100 m a.s.l. in the southern
Colorado Plateau. Dominant trees species include Colorado
pinyon (Pinus edulis), Utah juniper (Juniperus osteosperma),
and one-seed juniper (J. monosperma). Elevations from 2100
to 2600 m a.s.l. are dominated by ponderosa pine (Pinus
ponderosa).
Figure 4 illustrates examples of hillslope asymmetry in the
study sites. The examples in the EKM include two transects
(W-W0 and E–E’) of different relief/depth-of-incision. Higher
relief tends to increase the difference in mean solar insolation
between S- and N-facing slopes, and hence the asymmetry of
the predominance of cliffs if weathering is driven by soil/rock
moisture. In the high-relief example (W–W0 ), cliffs occur on
the S-facing side in the Kaibab, Toroweap, and Coconino units.
On the N-facing side, no cliffs occur (although some cliffs form
in the Coconino unit and to a lesser extent in the Toroweap unit
elsewhere on this side of the valley). In contrast, the low-relief
opposing hillslope pair (E–E’) is more symmetrical. More
dramatic examples of asymmetry exist in the southern portion
of the EKM; the examples in Figure 4(A) were chosen because
they illustrate the effect of differences in relief/depth-of-incision
in two drainage basins that are in close proximity. The northern
end of the portion of the RRM included in Figure 4(C) provides
an example of how hillslope asymmetry responds to a gradient

Figure 3. Bedrock geologic maps of (A) the East Kaibab Monocline and (B) the northern portion of the Raplee Ridge Monocline sites. Stratigraphic
units that are cliff-forming are labeled with an asterisk. [Colour figure can be viewed at wileyonlinelibrary.com]
Copyright © 2017 John Wiley & Sons, Ltd.
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Figure 4. Examples of hillslope asymmetry. (A) and (B) In the northern portion of the EKM, profiles of higher relief result in greater asymmetry. Profile
W-W0 has a S-facing segment in which the Kaibab, Toroweap, and Coconino units all form cliffs. The N-facing side has no cliffs. A lower-relief profile
(E–E’) is more symmetric. (C) and (D) In the northern portion of the RRM, three profiles are compared with variable orientations. The valley oriented
most nearly E–W has the profile (S–S0 ) with the largest asymmetry, with prominent cliffs formed on the McKim, Goodrich, and Shafer units. The
profiles become more symmetric as the orientation of the valley becomes more N–S. [Colour figure can be viewed at wileyonlinelibrary.com]

in drainage basin orientation. At the southern end of this area,
drainage basins are oriented ENE–WSW, with the result that
hillslopes are oriented NNE and SSW. These opposing aspects
give rise to substantial asymmetry: hillslopes oriented SSW are
prone to cliff formation, as the S–S0 and C–C0 transects
demonstrate, while hillslopes oriented NNE are much less
cliff-prone. At the northern end of the area in Figure 4(C),
drainages are oriented more nearly N–S, hillslopes are oriented
more nearly E–W, and they tend to be more symmetrical.

Methods
We used the Area Solar Radiation tool in ArcGIS 10.3 to
compute the mean annual solar insolation of the two study
sites. A subset of this calculation, i.e. half-hourly solar
insolation during the equinoxes, was used to explore the
hypothesis that SW-facing slopes have a greater abundance of
cliffs in part because SW-facing hillslopes receive peak
insolation during warmer times of the day compared with SEfacing hillslopes in the study sites. The annual calculation
was performed using a 14-day interval and a 0.5-h interval
within those days. For the radiation parameters, we used eight
zenith and azimuth divisions, a uniform sky diffuse model, a
diffuse fraction of 0.3, and a transmittivity of 0.5 (all default
parameters). The radiation parameters were not optimized for
the region, hence the maps are useful only for quantifying
relative variations in solar insolation as a function of slope
gradient and aspect, not their absolute magnitudes.
The primary output of the topographic analysis is a
quantification of how the fraction of hillslope relief
accommodated by cliffs varies with slope aspect and/or mean
solar insolation. The primary inputs to the analysis are Digital
Elevation Models (DEMs) derived from ALSM data. The ALSM
Copyright © 2017 John Wiley & Sons, Ltd.

data for the EKM were obtained from Kaibab District of the
USA Forest Service. The ALSM data for the RRM were obtained
from OpenTopography (2005). Bare-earth DEMs were created
from the set of ground returns for each study site using an
inverse-distance-weighting method (Liu et al., 2009). The
resolution for the EKM DEM was chosen to be 2 m pixel1
because this resolution was found to be more than adequate
to resolve the relatively tall cliffs (commonly >20 m) in the
EKM. The resolution of the RRM DEM was set to 1 m pixel1
in order to maximize the capability of the DEM to resolve the
relatively smaller cliffs (as short as 2–4 m) at this site.
A mask grid was used to isolate locally incised drainage
basins for analysis in the EKM and RRM north sites. The
purpose of the mask was to limit the analysis to drainage basins
with well-defined boundaries within which the same bedrock
stratigraphy is exposed on opposite sides of each drainage
basin. The mask grids were created by first mapping all pixels
with slope gradients >2 m/m (or 60°) and then routing a unit
of runoff from those pixels using the multiple-flow-direction
algorithm of Freeman (1991). All pixels with some finite runoff
were assigned a value of 1 in the mask, and all other areas were
assigned a value of 0. Pixels with a value of 1 were retained for
analysis while those with a value of 0 were not considered. The
highest elevations of drainage basins incised into the Kaibab
and McKim units tend to be cliff-forming. As such, mapping
the cliffs and then identifying pixels downstream from them
proved to be an effective approach to masking the incised
drainage basins. Finally, areas of small isolated cliffs were
removed from the map using a digital paintbrush (Figure 5).
The topographic analysis makes use of slope gradient and
slope aspect raster grids computed by the D∞ algorithm
(Tarboton, 1997). Slope gradients were computed at the
resolution of the DEM (i.e. 2 m for EKM and 1 m for RRM).
Many cliffs in the study sites are vertical or near-vertical. As
Earth Surf. Process. Landforms, Vol. 42, 1408–1418 (2017)
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Figure 5. Maps illustrating the mask grid that identifies the drainage basins isolated for analysis in the (A) EKM and (B) RRM north study sites. The
analysis was limited to drainage basins with well-defined boundaries that expose the same bedrock stratigraphy on opposite sides. [Colour figure can
be viewed at wileyonlinelibrary.com]

such, the slope gradient is best thought of as a measure of the
height of the cliffs rather than their gradient. For the purposes
of discriminating cliff and non-cliff slope segments, we used a
threshold slope of 2 m/m or 60°, i.e. a minimum of 4 m of
elevation change over a horizontal distance of 2 m in the
EKM and a minimum of 2 m over a horizontal distance of 1 m
in the RRM.
Slope aspect is quantified in this paper as an azimuth, i.e. as
degrees clockwise from north. Slope aspect was computed at a
coarser resolution than that of the DEM in order to avoid bias
toward aspects oriented along the directions of the eight
nearest neighbors. When aspect is computed at the resolution
of the DEM, aspects tend to cluster at multiples of 45° in cliffdominated topography. In order to identify an appropriate
resolution at which to compute slope aspect, we generated a
synthetic topography with cliffs of a range of heights, all in a
circular geometry. This synthetic DEM has cliffs with an equal
abundance at all aspects. However, the D∞algorithm results
in a preferentially high number of aspect values along the eight
principal grid directions. This problem is mitigated by
coarsening the DEM to spatial scales of ~10–30 m, i.e. spatial
scales comparable with the typical cliff height, prior to the
computation of slope aspect. We used 32 m as the spatial scale
for computing slope aspect in the EKM (where cliffs are
relatively tall) and 16 m for the RRM. Once cliffs were
identified, mean cliff fractions were calculated in bins of slope
aspect equal to 4° and bins of mean annual solar insolation
equal to 0.01 MWh m2. Uncertainties in the mean values
for each bin were calculated and are reported as 2σ
uncertainties.
Most studies of hillslope asymmetry that invoke slope aspect
make a direct link, explicitly or implicitly, among the degree to
Copyright © 2017 John Wiley & Sons, Ltd.

which hillslopes are S-facing, the amount of solar insolation,
and potential evapotranspiration (herein referred to as ET0).
However, ET0 is an increasing function of both solar insolation
and temperature. SW-facing hillslopes receive peak solar
insolation during warmer times of day compared with SE-facing
hillslopes, suggesting that SW-facing hillslopes may have
greater mean ET0 compared with SE-facing hillslopes of the
same mean solar insolation. To evaluate this hypothesis, we
mapped spatial variations in ET0 using an empirical model
based on solar insolation and temperature over a diurnal cycle.
The calculations were performed for the equinoxes (vernal and
autumnal), as these days are the most representative of an
annual average.
To estimate ET0 at an instant in time, we used the empirical
equation of Hargreaves and Samani (1985):
ET 0 ¼ cRT 1=2 ðT þ 17:8Þ

(1)

where R is the solar insolation, T is the ground surface
temperature in °C, 17.8 is in units of °C, and c is a coefficient.
We do not explicitly include the coefficient c in the
calculations because only relative values of ET0 are needed. If
ET0 were only a function of solar insolation, S-facing hillslopes
would be the driest of all possible aspects and N-facing
hillslopes would be the wettest, assuming uniform
precipitation. The fact that ET0 depends on the product of solar
insolation and a nonlinear function of temperature implies that
the spatial pattern of solar insolation during warmer times of the
day has an outsized contribution to the total ET0. This raises the
possibility that the maximum difference in soil/rock moisture
on opposing aspects might be shifted from S–N to SW–NE,
Earth Surf. Process. Landforms, Vol. 42, 1408–1418 (2017)
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since solar insolation is higher on SW-facing hillslopes during
warmer times of day compared with SE-facing hillslopes. To test
the feasibility of this hypothesis, we used Equation (1) to map
relative mean ET0 for the equinoxes. Cristea et al. (2013)
provide a recent review of empirical equations for estimating
ET0 that includes tests of Equation (1) and alternative formulae.
In all of the models that include temperature explicitly, ET0 is
an increasing function of both solar insolation and temperature,
suggesting that the covariation of these variables is important
down to and including sub-diurnal time scales.
To model the diurnal cycle of temperature, we used

T ¼ T av þ T amp sinð2πf ðt  t s ÞÞ

(2)

with Tav = 15°C, Tamp = 10°C, f = 1 day1, and ts = 10 h. The
parameters were not optimized or fitted to data from the study
sites for, but they a produce a cycle that is sufficiently realistic
(e.g. the daily high temperature occurs at 4 pm) to test the
hypothesis. Equations (1) and (2) were combined to compute
a time series of ET0 in half-hour increments during the
equinoxes. This time series was then integrated to obtain a
relative map of mean ET0 that resolves diurnal variations in
solar insolation and temperature.

Results
Figure 6 illustrates spatial variations in mean solar insolation at
the study sites. Insolation is maximized on steep, S-facing
hillslopes and decreases systematically in areas of lower slope
gradients and/or that on hillslope segments are less directly Sfacing (inset graph in Figure 6(A)), consistent with many
previous studies of the spatial distribution of mean solar
insolation (Dubayah and Rich, 1995).
Cliff fraction increases systematically with mean solar
insolation at the study sites (Figure 7). Figure 8 plots the
difference in mean cliff fraction along S–N and W–E directions
(except for Figure 8(C), which was treated differently as
described below). Specifically, Figure 8(A) and (C) plot the

Figure 6.

Figure 7. Plots of mean cliff fraction as a function of annual solar
insolation, for (A) the East Kaibab Monocline, (B) the Raplee Ridge
south site, and (C) Raplee Ridge north. Error bars represent 2σ
uncertainties.

Grayscale maps of annual solar insolation in the study sites.

Copyright © 2017 John Wiley & Sons, Ltd.
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Figure 8. Plots of the asymmetry in cliff fraction as a function of slope aspect. (A) and (B) plot S–N and W–E asymmetry, respectively, for the EKM. (C)
and (D) plot the same for the RRM south site. (E) plots SW–NE asymmetry for the RRM north site. This site had to be analysed in a different way from
the others because of small number of SE-facing hillslopes. (F) and (G) are schematic figures of results consistent with preferential cliff formation on Sand W-facing hillslopes.

mean cliff fraction of all slope aspects with a southerly
component minus the cliff fraction of their counterpart aspects
reflected across the E–W axis. For example, the S–N asymmetry
in mean cliff fraction computed at 135° equals the difference in
the mean cliff fraction for hillslope segments with an aspect of
135° minus the mean cliff fraction of hillslope segments with
an aspect of 45°. Similarly, the S–N asymmetry computed at
225° equals the difference of the mean cliff fraction for hillslope
segments with an aspect of 225° minus the mean cliff fraction
for hillslope segments with an aspect of 315°. Positive values
indicate aspects where the cliff fraction is larger on S-facing
aspects relative to N-facing aspects with the same westerly or
easterly component. Similarly, Figure 8(B) and (D) plot the
difference in cliff fraction for slope aspects with a westerly
component minus the cliff fraction of its counterpart aspect
Copyright © 2017 John Wiley & Sons, Ltd.

reflected across the N–S axis. Positive values indicate aspects
where the cliff fraction is larger on W-facing aspects relative
to E-facing aspects with the same southerly or northerly
component. The RRM north study site was problematic in that
it contains virtually no SE-facing hillslopes. As a result, it was
impossible to calculate S–N asymmetry with any statistical
significance at this site. For this reason, we computed
asymmetry along the SW–NE direction instead of the S–N
direction for the plot in Figure 8(E).
The plots in Figure 8(A) and (C) demonstrate that the largest
asymmetry occurs for SSW-facing hillslopes (approximately
180–200°) and that this asymmetry decreases as the southerly
component of the hillslope decreases, i.e. towards 90° and
270°. The plots of Figure 8(B) and (D) demonstrate that W–E
asymmetry is largest for hillslopes with a large S or SW
Earth Surf. Process. Landforms, Vol. 42, 1408–1418 (2017)
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component (180–225°) and decreases towards zero for aspects
with a more northerly component. Aspects for which no value
is plotted or that have large uncertainty are the result of having
too few cases to obtain a reliable mean cliff fraction. For
example, the EKM has relatively few SW-facing hillslopes,
increasing the uncertainty of the data plotted in Figure 8(A)
for aspects larger than approximately 200°. Figure 8(F) and
(G) are schematic figures showing how preferential cliff
formation on S- and W-facing hillslopes is expressed in the
analysis illustrated in Figure 8(A)–8(D).
Figure 9 maps the spatial pattern of solar insolation in the
EKM at different times of day during the equinoxes,
demonstrating that SW-facing hillslopes in the study sites
receive peak solar insolation at warmer times of day relative
to SE-facing hillslopes. Figure 9(B) maps relative ET0 based on
Equations (1) and (2). Figure 9(B) also plots relative ET0 as a
function of slope aspect in order to demonstrate that a model
for ET0 that includes both temperature and solar insolation
has the effect of shifting the slope aspect corresponding to
maximum ET0 from S-facing to SW-facing. Also plotted is the
ratio of ET0 computed using Equations (1) and (2) to a model
in which ET0 is a function of solar insolation alone. This plot
indicates that ET0 increases on all hillslopes with a westerly
component (and decreases on all hillslopes with an easterly
component) relative to a model in which ET0 depends on solar
insolation alone.

Discussion
The results presented here demonstrate that the hillslope
asymmetry patterns documented by Burnett et al. (2008) in
the Morrison Formation of northeastern Arizona occur
elsewhere in the southern Colorado Plateau. More broadly,
the results suggest that weathering in the southern Colorado
Plateau is driven primarily by processes that involve soil/rock

moisture. Moisture drives many weathering processes in
sedimentary rocks, including clay and salt hydration, chemical
dissolution of the rock matrix, biological wedging, and frost or
stresses related to the presence of both moisture and
temperature changes (Turkington and Paradise, 2005 and
references therein). We have made a distinction here between
thermal cracking sensu McFadden et al. (2005), i.e. thermal
stresses driven by temperature gradients with no explicit role
for moisture, and thermally induced stresses that require
moisture to be effective in fracturing rock. S-facing hillslopes
would be expected to have higher weathering rates and hence
fewer cliffs if weathering were driven primarily by thermal
stresses unrelated to moisture. Data in this paper and from
Burnett et al. (2008) suggest that the opposite is the case for
sedimentary rocks of the southern Colorado Plateau region.
However, the results of this paper are consistent with a role
for weathering by thermal stresses if moisture is included as
an essential and rate-limiting factor, consistent with the
experiments of Schaffer (1932) and Griggs (1936). The
importance of moisture-driven processes in driving weathering
lends support to landscape evolution models that use water
availability to control the rate of soil production (Pelletier and
Baker, 2011).
Figure 9 demonstrates that the dependence of potential
evapotranspiration on both solar insolation and temperature
may result in a greater abundance of cliffs on SW-facing
hillslopes relative to SE-facing hillslopes of the same mean solar
insolation due to the fact that SW-facing hillslopes receive
more sun during the warm part of the day. Wind may also be
a contributing factor in the study sites and elsewhere where
westerly winds predominate. Westerly winds likely generate
higher turbulent stresses near the ground on W-facing hillslopes
compared with lee-side E-facing hillslopes, resulting in higher
ET0 values and hence drier hillslopes. Studies of hillslope
asymmetry at lower latitudes where easterly winds
predominate could be particularly useful in distinguishing

Figure 9. Results of modeling designed to test the hypothesis that a shift from S–N asymmetry to SW–NE asymmetry is partly a result of the fact that
SW-facing hillslopes receive peak insolation during warmer times of the day compared with SE-facing hillslopes. (A) Peak solar insolation on SE-facing
hillslopes occurs in the morning in the Northern Hemisphere (the EKM site on the equinox is shown here as an example) when temperatures are
cooler. Conversely, peak solar insolation on SW-facing hillslopes occurs in the afternoon and evening, when temperatures are warmer. (B) A grayscale
map of relative ET0 obtained from integrating eqn. (1). Also shown is a plot of relative ET0 as a function of aspect (thick curve), illustrating the
asymmetry between SW-facing and SE-facing hillslopes that develop in this model. A model for ET0 based on solar insolation alone has no asymmetry
(thin curve). The dotted curve shows the ratio of the two models, demonstrating that ET0 is higher than would be expected based on solar insolation
alone on hillslopes with some W-facing component (and lower on hillslopes with an E-facing component).
Copyright © 2017 John Wiley & Sons, Ltd.
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aspect differences in ET0 related to prevailing wind directions
versus the mechanism proposed here based on the diurnal
covariation of solar insolation and temperature.
Another potential factor contributing to drier conditions on
SW- versus SE-facing slopes is the timing of convective storms.
A diurnal cycle of convective precipitation (with rainfall
occurring preferentially in the afternoon or early evening)
occurs over all land areas globally (Gray and Jacobson, 1977;
Bechtold et al., 2004). More persistent soil moisture on SEfacing slopes (which receive direct insolation the next morning
at the earliest) compared with SW-facing slopes (which may
receive direct insolation on the same day as the rainfall event)
could result.
The dependence of cliff fraction and solar insolation on slope
aspect raises the possibility of a positive feedback in the
evolution of weathering-limited hillslopes: relatively steep Sor SW-facing hillslopes become drier than neighboring
hillslopes that are less steep or that face in a direction that is less
directly S or SW. These relatively dry hillslopes may then
become steeper and hence receive even higher solar insolation
than surrounding hillslopes in a positive feedback. Whether
such a feedback exists and is a significant driver of hillslope
evolution could be further explored with numerical models in
conjunction with cosmogenic-radionuclide-based estimates of
soil production and erosion rates.

Conclusions
In this paper we documented asymmetry in the fraction of
hillslope relief accommodated by cliffs in weathering-limited
drainage basins incised into the East Kaibab Monocline
(northern Arizona) and Raplee Ridge Monocline (southern
Utah). S- and W-facing hillslopes have a larger proportion of
hillslope relief accommodated by cliffs compared with N- and
E-facing hillslopes. Solar insolation modeling suggests that
SW-facing hillslopes in the study sites tend to be the most
cliff-dominated in part because potential evapotranspiration
rates, which control the soil/rock moisture that drives
weathering, depend on the product of solar insolation and a
nonlinear function of temperature, together with the fact that
SW-facing hillslopes receive peak insolation during warmer
times of the day compared with SE-facing hillslopes. The results
are consistent with a dominant role for soil/rock moisture in
driving bedrock weathering in cliff-prone hillslopes of the
southern Colorado Plateau.
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