






subduing landform variability and reducing slope estimates.
However, filtering out mixed-pixels with subdued slope
angles by increasing the minimum slope does not affect
spatial patterns of HA, perhaps because mixed-pixels are
relatively infrequent.
[15] To demonstrate the mapping method, 90 m resolution

v4.1 hole-filled Shuttle Radar Topography Mission (SRTM)
DEMs (http://srtm.csi.cgiar.org/) were analyzed to produce
HA maps for the American Cordillera between 60�N and
60�S by splitting the Cordillera into eight similar sized
regions and re-projecting DEMs to UTM projections cen-
tered over each region. Inaccurately filled data holes, which
most often occur on slopes facing away from the shuttle
where incidence angle is large [Jarvis et al., 2004], may bias
results but affect a relatively small amount of the landscape;
maps derived from DEMs with and without holes filled did
not visibly differ. Data voids should be assessed before
interpreting patterns for specific areas. For comparison, 30 m
resolution United States Geological Survey (USGS) DEMs
(http://seamless.usgs.gov/), which do not contain holes, were
split into eight regions, re-projected to NAD83 projections,
and analyzed to produce HA maps for the western United
States.
[16] Coarser-resolution DEMs average-out topographic

variations at scales less than their pixel size, effectively
subduing slope estimates. We tested the influence of DEM
resolution by assessing the features different resolutions
captured, and comparing the patterns exhibited by the

resulting HA maps (Text S2). Within an area with visibly
steeper N-aspects and high-resolution data, we also com-
pared aspect-bin average slope angles and HA values among
250 (SRTM), 90 (SRTM), 30 (USGS), 10 (USGS) and 1 m
(LiDAR) DEMs.

4. Results: Hillslope Asymmetry Maps

[17] Assessment of hillslope asymmetry (HA) maps
derived from 90 and 30 m DEMs verifies that the method
captures previously observed trends in HA in the Gabilan
Mesa of the central California Coast Range (Figure 1a) and
determines the extent of HA in the Idaho Batholith
(Figure 1b). In the Gabilan Mesa, Dohrenwend [1978] found
that N-aspects were typically steeper and mapped the fre-
quency of asymmetric valleys; steeper N-aspects were also
measured by the 30 m resolution HA maps, and HA
magnitude changes generally correspond with Dohrenwend’s
frequency maps (Figure 1a). In the Idaho Batholith a reversal
in the sign of the N–S HA is apparent that roughly corre-
lates with the 2000 m elevation interval (Figure 1b). Below
2000 m in elevation, landscapes exhibit steeper N-aspects
on average, while above this elevation steeper S-aspects
predominate. Within the Dry Creek Experimental Watershed
(DCEW) of the southwestern Idaho Batholith (location
Figure 1b) we compared slope angles and HA values deri-
ved from DEMs ranging in resolution from 250 to 1 m
(Figure S1). All resolutions consistently captured the correct

Figure 1. Maps of N–S Hillslope Asymmetry (HA) draped over hill-shaded imagery. Locations shown in Figure 3. HA of
magnitude 0.1 is equivalent to a �26% difference between oppositely oriented slopes (i.e., �38� vs. 30�). Grey areas indi-
cate HA was not calculated due to slopes gentler than 5� or insufficient data. (a) The Gabilan Mesa in the central California
Coast Ranges, USA, exhibits pronounced HA, with steeper N-aspects, which matches valley asymmetry for the area reported
by Dohrenwend [1978]. The extent of this regional HA is evident in Figure 2. (b) HA within the Idaho Batholith, USA,
reverses in orientation along the 2000 m elevation contour.
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sign (i.e., steeper N-aspects) of valley asymmetry observed
in the field. Additionally, all resolutions yielded similar
HA magnitudes, except the 250 m analysis, which under-
estimated HA values. Assessment of 250 m resolution
slope data for the area revealed it failed to portray relatively
low-gradient low-order drainages where the scale of mea-
surement (i.e., �3 pixels) exceeded the maximum scale of
valleys, but the minimum slope and data parameters pre-
vented the calculation of HA values for these areas. Regard-
less, spatial patterns and magnitudes of HA derived from
250 m resolution data should be interpreted with caution.
A caveat applies to all HA maps that the results are valid
only for the landforms being compared, which should be
assessed when investigating possible causes. Ideally, detailed
site-specific comparisons of HA magnitudes should use finer
resolutions which better capture the landforms of interest.
Despite the shortcomings of 250 m data in low-gradient ter-
rain, maps derived from 30, 90 and 250 m resolution DEMs
yielded similar broad-scale spatial patterns within all areas
tested. While the 250 m data appears useful for broad-
scale assessment, all maps presented are derived from 90
or 30 m data.
[18] Analysis of the American Cordillera at 90 m resolu-

tion reveals distinct zones of HA at continental, mountain-
range and smaller scales (Figure S2). We average the HA
data within both 5� and 0.25� latitude bins (Figure 2) to
capture latitudinal-trends and variability, respectively. T-
tests of the 5� bins found mean HA values for all bins to
be significantly different from zero (95% confidence; p <
0.001). Similarly, t-tests for the 0.25� binned data showed
these trends to be significantly different from zero for
97% of the bins (95% confidence; p < 0.001). Latitude-
based analysis reveals multiple continent-scale latitudinal
trends in both N–S and E–W HA. In N. America, south-
facing slopes are predominantly steeper throughout much
of the Canadian Rockies, but below a transition at �49�N
latitude N-facing slopes are steeper more often. This transi-
tion is evident in the 90 m N–S HA map for the American
Cordillera (Figure S2). Along the Andes, the latitude-binned
N–S HA sign reverses multiple times with latitude. For the

E–W HA data, W-aspects are steeper on average at mid to
high latitudes, while E-aspects are steeper near the equator
(�5�N to 20�S).
[19] The 30 m resolution HA maps for the western U.S.

(N–S HA, Figure 3; E–W HA, Figure S3) show that both
N–S and E–WHA are widespread, with pronounced patterns
evident at mountain-range to watershed scales. Distinct
patterns occur within major mountain and plateau pro-
vinces, such as the Rocky Mountains, the Colorado Plateau,
the Columbia Plateau, the Sierra Nevada and the Cascade
Mountains (Figure 3). Among all geophysical provinces,
the most consistent broad-scale pattern is the reversal in the
sign of HA on either side of prominent topographic fea-
tures. For many mountain ranges with E–W components to
the trends of their divides, N–S HA patterns are evident
(Figures 3 and 1a). In contrast, for mountain ranges with
N–S components to the trends of their divides, E–W HA
patterns are often observed (Figure S3). In both cases,
slopes facing the major crest line of the ranges are typically
steeper. Notably the Big Horn, Wind River, Uinta, Book
Cliffs, Uncompahgre, San Juan and Blue Mountain ranges,
as well as many of the smaller ranges within the Basin and
Range province, exhibit range-scale trends in N–S and/or
E–W HA (Figures 3 and S3).
[20] While the large-scale orientation of mountain ranges

and land surfaces may influence HA, there is not a regular
pattern to this asymmetry. For example, while slopes facing
the major divides are steeper in the northern Cascade
Mountains, this pattern appears to reverse in the southern
Cascades (Figure S3). The Sierra Nevada exhibits a similar
but less pronounced reversal in hillslope asymmetry orien-
tation relative to range-scale divides. Importantly, HA pat-
terns for other ranges, such as the Pacific Coast Mountains,
do not appear to relate to range-scale topography.
[21] Elevation-based trends are not evident in the HA

maps at the scale of the western U.S., and statistical analysis
did not reveal N- or S-aspects to be more frequently steeper
above 2000 m elevation as observed in central Idaho.

5. Discussion

[22] Widespread HA in mountainous landscapes indicates
that opposite-facing hillslopes often evolve differently. The
existence of distinct regions of HA indicates process-based
controls; zones of consistent HA may be useful for deter-
mining which influences (e.g., faulting, bedding orientation,
topoclimate, drainage-development, etc.) control asymmetry
development within a region. While such analysis is beyond
the scope of this paper, we discuss here the information
inherent to the scales and extents of HA patterns. While
coarser resolution data inherently limits the minimum scale
of landforms analyzed, the regularity of patterns among
resolutions indicates consistent HA between smaller and
larger-scale landforms.
[23] The American Cordillera exhibits multiple reversals

in the sign of both N–S and E–W bin-averaged HA values
with latitude (Figure 2). In N. America, the reversal in sign
of N–S HA at roughly 49� latitude is generally consistent
with the work of Parsons [1988], a meta-analysis of 28 site-
specific studies on topoclimate-induced valley asymmetry
that found a tendency of steeper N-aspects between 30–
45�N latitude, and equal tendencies toward steeper N- or
S-aspects above 45�N. Parsons [1988] suggested this

Figure 2. Average HA values within 5� (darker lines) and
0.25� (lighter lines) latitude-bins for the American Cordillera.
Both N–S and E–W HA display gradual trends and reversals
in sign with latitude, suggesting latitude-based influences.
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change in N–S valley asymmetry orientation is driven by
insolation changes with latitude. Accordingly, an opposite
trend should be evident in the southern hemisphere. Our
data indicates an opposite reversal occurring at �38�S
that is perhaps the S. Hemisphere equivalent of the tran-
sition in the N. Hemisphere. The E–W HA gradually
reverses from steeper W-aspects, on average, for high and
mid-latitudes to steeper E-aspects between 5�N and 20�S.
The E-W HA trends in the N. Hemisphere largely mirror

those in the S. Hemisphere (e.g., above and below �10�S).
The simplest explanations for latitudinal trends in both N–S
and E–WHA are influences that vary at latitude scales, such
as insolation, atmospheric circulation (e.g., locations of
Hadley cell circulation), or continental-scale tectonics (e.g.,
differential subduction and uplift rates, or mountain-range
orientation and elevation). While latitudinal trends might
be indicative of global processes driving HA, the range of
variability captured by the 0.25� latitude-binned data and

Figure 3. Map of the W. USA showing HA for N- and S-aspects. Colors denote HA of least 0.04 in magnitude, meaning
slopes of one orientation were more than 10% steeper (�) than those oriented opposite (i.e., 33� vs. 30�). No values calculated
for white areas because slopes were gentler than 5� or data was insufficient. Note the patterns associated with mountain ranges.
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evident at smaller scales in the HA maps emphasizes that
regional influences often overprint latitude-based influences.
[24] Range-scale HA patterns are visually evident in the

W. USA. The variability in HA at the scale of mountain
ranges suggests that prominent topographic features influ-
ence HA. Specifically, slopes facing central drainage
divides of ranges tend to be steeper. It is unclear whether
this is related to range-scale topoclimate (e.g., orographic
precipitation and/or insolation variability) or other effects
(e.g., mountain building and/or drainage evolution).
[25] The reversal of HA orientation with elevation in the

Idaho Batholith suggests that elevation-dependent processes
can also exert a dominant control on HA development.
Factors possibly influencing HA that vary with elevation
include precipitation, temperature, vegetation type and den-
sity, and changes from fluvial to periglacial and glacial
process dominance, which differ in erosive efficiency
[Naylor and Gabet, 2007]. Visual inspections of DEMs
reveal that above the 2000 m elevation threshold, cirque-like
features become evident exclusively on N-aspects. The
extent of this higher elevation region is roughly consistent
with regional glacial extents [Amerson et al., 2008]. In the
nearby Bitterroot Range of the Northern Rockies, Naylor
and Gabet [2007] found that exclusive glaciation of N-
aspects caused ridgelines to shift south, decreasing overall
elevation gradients and reducing average slope angles for N-
aspects. Glacial versus fluvial process dominance among
aspects might explain the more frequent steeper S-aspects
above the �49�N threshold evident with latitude (Figure 2),
as the Canadian Rockies were extensively glaciated by the
Cordilleran ice-sheet and mountain glaciers.

6. Conclusions

[26] We have developed a robust method for mapping
hillslope asymmetry (e.g., valley asymmetry) at a variety of
scales. Maps reveal asymmetry is widespread in a majority
of the mountainous environments of the American Cordil-
lera and exhibit spatial patterns correlating with latitude,
elevation and mountain-range-scale topographic features.
Spatial patterns evident in hillslope asymmetry maps likely
reflect driving processes, and may help identify regions in
mountainous landscapes where specific tectonic, climatic
and hydrologic forcing mechanisms influence landforms.
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