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Valley development through erosional processes typically tends to create symmetrical 

valleys.  Over time, water cuts through the substrate to create valleys, gorges, and canyons for 

which the sides are the valley are evenly sloped.  However, there are anomalies to this process.  

Asymmetrical valleys have been well-documented even in areas of uniform substrate or little 

tectonic uplift.  One proposed explanation for the asymmetry of these valleys is differential 

insolation. This may lead to different microclimates from one slope to another which alter the 

rate and extent of erosion. Since the differences in received insolation vary with latitude 

(especially in streams that flow along an east/west axis), it follows that the degree of 

asymmetry should also vary with latitude if differential insolation is a primary driving factor in 

the development of these valleys.  

To evaluate if insolation plays a role in the development of asymmetrical valleys, this 

study examines variability in asymmetry across 447 valleys in nine study areas located at 

different latitudes.  The degree of asymmetry for each valley was measured by using 30 meter 

resolution digital elevation models (DEMs) to determine the slope angle of each side of the 

valley.  Asymmetry was measured by computing a ratio of the average slope angle for each side 

of the valley (larger value divided by smaller). If the resulting value is one, the valley is deemed 

symmetrical. As the value increases, the degree of asymmetry increases. This investigation 

found that contrary to expectations, valleys at lower latitudes tend to have a higher degree of 

asymmetry than those at higher latitudes, which suggests that differential insolation does not 



play a major role in the development of these valleys.  Instead, this study found that high 

altitudes and low latitudes are more frequently associated with a higher degree of asymmetry. 

These unexpected findings open the door to new avenues of investigation into the causes of 

asymmetrical valley development. 
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INTRODUCTION 

Geomorphologists have been studying the forces that shape the earth for centuries, but 

there are still processes that are not fully understood. One example is the occurrence and 

formation of asymmetrical valleys (those with one valley side significantly shorter and steeper 

than the opposite valley side).  Such valleys have been examined for more than one hundred 

years (Gilbert 1904), though each valley has been studied in isolation and there has been no 

attempt at identifying a generalized set of causative mechanisms that promote asymmetry. 

Hypotheses have been generated as to why a particular valley developed 

asymmetrically, but there has been no effort to compare valleys at different locations to 

establish some process that is common to them all. Many of these studies suggest directly or 

indirectly that differential solar insolation from one valley side to another may be a contributing 

factor (Gilbert 1904; Russell 1931; Bryan and Mason 1932; Tuck 1935; Melton 1960; Currey 

1964; French 1971; Dohrenwend 1978; Churchill 1981; Boelhouwers 1988; Mieklejohn 1992; 

Mieklejohn 1994; Selkirk et al. 2001).  

Studies of valley orientation indicate that valleys running east/west tend to be more 

asymmetrical than those running north/south (Gilbert 1904; Russell 1931; Melton 1960; Currey 

1964; Chandler 1970; Dortsch et al. 1978; Mieklejohn 1992; Mieklejohn 1994; Selkirk et al. 

2001; Naylor and Gabet 2007). While the proposed mechanisms thought responsible for 

creating the asymmetry may vary from study to study, the reasons distill down to one common 

factor: insolative differences from one valley side to the other. Valleys that are oriented along 

an east/west axis will have an equatorial-facing slope that receives more direct sunlight than 

the polar- facing slope. This discrepancy can create different soil moisture regimes, which in 
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turn can alter vegetation patterns (Dohrenwend 1978; Boelhouwers 1988; Desta et al 2004). If 

the equatorial-facing slope is drier and warmer, there may be less vegetation to anchor the soil 

during a rain event, leading to increased erosion (compared to the polar-facing slope) (Melton 

1930). Increased erosion may result in a lower slope angle and longer slope length. The eroded 

material is brought to the valley bottom where it may be deposited. As material accumulates, 

the valley’s stream may be shifted laterally, undercutting and steepening the polar-facing slope 

and exacerbating valley asymmetry (Mieklejohn 1992). 

While this theme of differential erosion driven by insolation has been repeated, there 

has been no attempt to compare the degree of asymmetry between different areas. As latitude 

increases, insolative differences from one valley side to another become more extreme. If 

differences in insolation are indeed driving the asymmetry, the degree of asymmetry should be 

more pronounced as you move away from the equator. Currently it is not known whether 

differential insolation due to differences in latitude affects the degree of asymmetry in valleys. 

 

Objective 

This study compares the degree of asymmetry of valleys from along a longitudinal 

gradient to see whether indeed the degree of asymmetry increases with latitude.  If asymmetry 

is associated with differences in insolation from one valley side to the other, the degree of 

asymmetry should change as latitude changes. If true, the information could provide insight 

into processes that operate at a global scale, rather than those operate at a local scale. Previous 

studies into asymmetry have looked at the factors absent or present at those particular sites 

and have not provided this global prospective. 
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 Eight study areas have been selected around the globe at various latitudes where 

asymmetrical valleys have already been noted. A ninth, low latitude area was added. It has not 

previously been examined for asymmetry, but it did fit the criteria for inclusion. Of the 

previously examined areas, only the Giant’s Castle area is at a low latitude. Adding another low 

latitude site balances out the distribution of study areas (two at high latitudes, two at low 

latitudes and four at mid-latitudes). These locations provide sites with a variety of differential 

insolation values. Each site has little to no regional tilt and the material through which the rivers 

incise is uniform at that site to eliminate the influence of geological controls. Digital elevation 

models (DEMs) of each area with the same resolution were obtained. Using GIS, a metric for 

each valley were generated representing the degree of asymmetrical for each valley. The 

orientation of the valleys were obtained in order to separate those that have streams flowing 

east/west versus those that flow north/south in order to assess whether valley orientation is 

relevant.  Rather than just looking at a few valleys in each study area (as had been done in 

earlier research), a large number of valleys were examined. With these data, it will be possible 

to determine whether asymmetry is a common feature in each area - it may be that asymmetry 

is more prevalent than we suppose.  
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BACKGROUND 

In the absence of some sort of underlying geological control, it might be assumed that 

valleys incise the earth’s surface symmetrically (each slope having a very similar angle). 

However, asymmetrical valleys have been noted in places where there are minimal geological 

constraints. In regions where layered bedrock is tilted, asymmetry is not remarkable. The 

exposed layers differentially weather, leaving the more resistant layers behind. Moderately 

tilted beds will produce valleys that are more strongly asymmetrical than those beds that are 

highly tilted.  It is within regions of uniform material with little to no regional tilt where 

asymmetrical valley development becomes intriguing. Without geological controls, other 

processes must be invoked to explain the development of asymmetry. The earliest articles 

regarding asymmetrical valleys in the literature were primarily descriptive (Gilbert 1904; Russell 

1931; Bryant and Madison 1932). With this approach, a single valley was studied because its 

presence in that particular region was considered noteworthy. Further studies intensively 

examined a few valleys in one particular small region and attempted to account for the factors 

that drive uneven incision.  As technology advanced, the work became even more focused. 

Rather than comparing valleys from different regions, more work was done scrupulously 

measuring a few valleys in each particular area. Each study was intent upon discovering which 

factor drove asymmetry at that location, but did not mention whether asymmetry was a 

regional trend or whether these valleys were anomalies. 

Valley asymmetry has been examined at locations in Wyoming (Melton 1960), Montana 

(Beaty 1962), South Dakota (Churchill 1981), Alaska (Currey 1964), California (Dohrenwend 

1978) Canada (French 1971), England (Chandler 1970), Germany (Wende 1995), South Africa 
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(Boelhouwers 1988) and Antarctica (Mieklejohn 1994). In each case, valleys have been 

examined to determine the cause for asymmetry. The overwhelming conclusion of these 

studies is that asymmetry is driven by differences in solar insolation received by each valley 

slope. The most common scenario is that the valley is oriented with one slope facing the 

equator and the other slope faces the pole. This configuration creates the greatest difference in 

solar energy receipt. In these studies, the proposed mechanism for asymmetry varies from 

location to location, but all of these processes are driven by differential insolation which 

creates differences in vegetation, soil temperature, weathering regimes, glacier genesis, and 

soil moisture conditions. When one or all of these factors change from slope to slope, the rate 

and extent of erosion for each slope can differ, creating valley asymmetry.  

The extent of slope erosion is dependent in large part on valley orientation. Warmer 

slopes translate to vegetation changes (both in the type and amount of cover), differing snow 

cover, and different soil moisture, all of which can result in unequal rates of erosion across a 

valley (Currey 1964). If a valley is located at high latitude, sunlight may never fall directly on the 

polar facing slope. On the other hand, valleys that are oriented along a north/south axis have 

slopes that face east and west and receive nearly the same amount of insolation over the 

course of a single day regardless of the latitude at which they are located.  

 

Vegetation Regimes 

The distribution of different plant species on slopes with different aspects has been 

established. (Kurkowski et al. 2008; Desta et al. 2004). These differences are largely attributed 

to the differing amounts of energy each slope receives because different species have different 
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requirements for sunlight.  Warmer slopes are also drier slopes, which again affects species 

distributions. Some plants thrive in xeric conditions, others in mesic conditions. When these 

factors are combined, the result is different plant distributions on different slopes. Since polar-

facing and equatorially-facing slopes have the highest difference in insolation, this may 

translate to different vegetation regimes between the slopes that generate different amounts 

of erosion. Not only the types of plants, but the extent of vegetation cover is important when 

considering rates of erosion. Areas with more extensive and more interconnected root systems 

will be more resistant to erosion. Dry slopes may have less ground cover and thus be more 

susceptible to erosion (Boelhouwers 1988).   

 

Temperature Regimes 

At latitudes and altitudes where snow is a common feature, differential insolation 

creates marked differences in the distribution of snow and the frequency of freeze/thaw cycles 

which drives solifluction. Warmer slopes will have less snow than cooler slopes. Cold, frozen 

slopes will be more resistant to erosion because they are in effect cemented in place by ice 

(Russell 1931).  Warmer slopes also will have more frequent freeze/thaw cycles which can 

increase the rate of physical weathering of the slope material (Bryan and Mason 1932; Currey 

1964; French 1971; Mieklejohn 1992). When slopes are consistently cooler, the opportunity 

arises for permafrost conditions to form. If permafrost forms on one side of the valley, its 

presence substantially alters the rate at which material is removed (Currey 1964; Russell 1931). 

Even in regions where permafrost develops on both sides of the valley, cooler slopes will tend 
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to have larger deeper frozen zones and thinner active zones (where the ice melts in the warmer 

weather). In this manner, cooler slopes are more resistant to erosion in these areas. 

 

Soil Moisture Regime 

There is some discussion regarding the role that climate plays in the development of 

slope asymmetry, especially in regard to soil moisture. Often the warmer a slope is, the drier it 

is. Water has high surface tension and can act to aggregate soil particles when it is present in 

moderate amounts. A wetter, stabilized soil will be less prone to erosion (Brady and Weil 2002 

p. 743). As soil warms and dries, it will become less stable and more prone to erosion in a rain 

event. Damp soils are more resistant to erosion than dry slopes. There is a limit, however to the 

stabilizing effects of moisture content; beyond this threshold, the amount of water in the soil 

overcomes the surface tension between soil particles and the pore pressure increases to a point 

where the particles are forced apart. During a rain event, this increased pore pressure plus the 

added weight of water may cause the slope to fail and slide or slump (Churchill 1981). It is 

evident that slope orientation can affect soil temperature and soil moisture, which can in turn 

affect slope symmetry. 

 

Remote Sensing 

The increasing availability of satellite imagery allows us to examine multiple regions at 

little to no cost. Resolution is excellent (30 meter resolution with ASTER imagery) for the entire 

Earth. Geographic information systems (GIS) allow us to generate watershed maps without the 

inconvenience of field work and more accurately than using topographic maps. While these 
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methods had been used previously to scrutinize asymmetrical valleys, using GIS and remote 

sensing imagery allows us to cover more areas more easily.  
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METHODOLOGY 

Site Selection 

Two general guidelines were used for site selection: little to no bedrock tilt and uniform 

material. These factors were selected in order to minimize the effect geology has on the 

formation of asymmetrical valleys. For the sake of continuity, most of the selected sites 

encompass those from previous studies regarding valley asymmetry. One area (Yelapa) is in a 

previously unexamined area. In many of these areas, a limited number of valleys have been 

examined.  

Nine areas were selected, ranging in latitude from 21 to 74 degrees. Table 1 provides a 

summary of the characteristics of the study areas.  

Table 1 Study area characteristics 

 

Badlands 

This 2,688 km2 study area is in south western South Dakota (Shannon County) and spills 

over into northern Nebraska (Figure 1). The rocks in the area are sedimentary in origin: sand, 

silt, clay, mud, sandstone, siltstone, claystone, limestone and shale (USGS Geology 2013). 

Elevations in the area range from 881 to 1220 meters above sea level.  

Area Latitude Tilt

Badlands 43 less than 1o

Banks 74 slight, west

Bavaria 48
'lack of..developed geological structures rule 
out [geological] causes for valley asymmetry"

Caydell 54 2o

Giant's Castle 26 near horizontal
Indiana 38 ?

Ogotoruk 68
"small but intricate structural 

complexities..minimize..effects of morphology"

Uppingham 53 less than 1/2
o

Yelapa 21 slight, west

mudstone, siltstone, sandstone Currey 1964

marine clay or clay shale Chandler 1970

basalt Boelhouwers 1988
? Bryant and Madison 1932

 colluvium, alluvium, till French 1971

unconsolidated sands, clays and marls Wende 1995

clay and calcareous grit Reid 1973

basalt n/a

Lithological Description Source

fluvial silt and clay, volcanic ash Churchill 1981
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Figure 1 Badlands study area 
 

Figure 2 Badlands channel drainage 
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The region has a bedrock tilt of less than 1o (Churchill 1981). Streams in the study area generally 

drain northward (Figure 2). The larger streams are dendritic, indicating a lack of underlying 

structural control of stream incision in the area. The mean annual temperature (MAT) is 9oC 

and the mean annual precipitation (MAP) is 430mm (South Dakota Climate Office 2013) 

 

Banks Island 

Asymmetry was noted on this island within the Canadian Archipelago in the Beaufort 

Sea by H.M. French in 1970. Having studied the geology of the area, French determined that 

structural control is not apparent in this region.  Banks Island is mantled with sediments (glacial 

and fluvial), loss and till (French 1970). Located at 73 degrees north latitude, it has been the site 

of repeated glaciations (Vincent 1990). The effect of asymmetry due to glaciation can be 

discounted because an examination of the shape of the valleys through Google Earth reveals 

that they are v-shaped, indicating that they were carved by fluvial processes rather than U-

shaped which indicate a valley carved by ice (Embleton & King 1975, Powers 1966) (Figure 3). 

This study area is in the north central part of the island and covers 2,606 km2 (Figure 4). The 

channel network exhibits a dendritic pattern (Figure 5). Elevations range within the study area 

from 852 to 1214 meters above sea level. This region is very cold with a MAT of -14oC and MAP 

of 400mm (National Climate Data and Information Archive 2013). 
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Figure 3 A comparison valley morphology seen in Google Earth 

Figure 4 Banks Island study area 
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Figure 5 Banks Island channel drainage 

 

Bavaria 

The Bavarian study area encompasses an area of 2,700 km2, straddling the Germany-

Austria-Czech Republic borders (Figure 6). It is an area of hills where elevations range from 238 

meters to 1430 meters. Wende published a study of asymmetry in the area and described the 

geology as “…the lack of substantial faulting and folding or well developed geological 

structures, all rule out variable lithology, structure or warping as general causes for the valley 

asymmetry…”  (1995, page 255). 
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Figure 6 Bavaria study area 

He also reports that the area is made of loess covered hills of unconsolidated sediments. 

Streams here exhibit a dendritic form (Figure 7). The area has been glaciated in the past, but an 

examination of valley shape using GoogleEarth shows that the watersheds are v-shaped, 

indicating that they are currently influenced by fluvial processes rather than by glacial 

(Embleton & King 1975; Powers 1966). The MAT is 7.8oC and the MAP is 1130mm (Støwer 

2013). 
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Figure 7 Bavaria channel drainage 

 
Caydell 

This region is located along the northeastern coast of England (Figure 8). Reid (1973) 

published a study on valley asymmetry in this area. It was chosen in part because “the local dip 

is small (2 degrees)” (Reid page 310, 1973). Most of the 4,864 km2 area is dominated by clay 

soils (Reid 1973; Boston, Evans & Cofaigh, 2010) and has a dendritic stream pattern (Figure 9).   
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Figure 8 Caydell study area 

 

Figure 9 Caydell channel drainage 

16 



The unusual stream pattern in the center of the study area shows an area that is very flat. Only 

the easternmost (coastal margins) were glaciated (Boston, Evans & Cofaigh, 2010). Even in this 

small portion of the area, valley cross sections were distinctly v-shaped when viewed in 

GoogleEarth. In this study area, elevations vary from sea level to 465 meters above sea level. 

The MAT is 11.9oC and the MAP is 630mm (UK National Weather Service 2013). 

 

Giant’s Castle 

Inclusion of this 2,680 km2 study area was inspired by the work of Boelhouwers (1988). 

Named for the nearby South African mountain, it is located in Lesotho and the area is underlain 

with “near horizontal lava flows of black, massive basalt” (Boelhouwers 1988, page 913) (Figure 

10). The particularly flat, uniform bedrock material negates any effect of geology on the 

formation of asymmetrical valleys. This area has a dendritic drainage pattern (Figure 11). It is 

the most varied area in terms of elevation, ranging from 1308 meters to 3454 meters above sea 

level. The study area enjoys a warm, wet climate with MAT of 18.5oC and MAP of 600mm 

(ClimateData 2013). 

 

Indiana 

This 1,035 km2 study area is located in south central Indiana (Figure 12). It includes 

Crawford, Dubois, Harrison and Orange counties. Within the area of gently rolling hills, 

elevations range from 116 to 306 meters above sea level. A systematic study of asymmetrical 

valleys in Indiana has not been reported in the literature, but their presence has been 

mentioned (Bryant and Madison, 1932).  
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Figure 10 Giant's Castle study area 

Figure 11 Giant's Castle channel drainage 
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Figure 12 Indiana study area 

An area was selected that exhibits a dendritic drainage pattern so that there are no obvious 

controls of valley formation from underlying geology (Figure 13).  This area is in the southern 

part of the state but escaped glaciation (Indiana Geological Survey 2013). The rock types in the 

area are sandstone, limestone, shale and chert (Indiana Geological Map 2013).  MAT is 13oC 

and the MAP is 1220 mm (Indiana State Climate Office 2013). 

Figure 13 Indiana channel drainage 
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Ogototuk 

This study area is located on the Kotzubue Peninsula in northwestern Alaska (Figure 14). 

Currey (1964) measured and described the asymmetrical valleys in the area. Although the 

geology is neither flat nor simple, Currey maintained that the “…multitude of small but intricate 

structural complexities that characterize the bedrock minimize whatever morphological 

influence may be exerted by the gross structural grain (85)”. In other words, the asymmetry 

present in the area is not a product of structural controls. The study area is 1,747 km2 and has 

elevations that range from 22m to 544m above sea level. The stream pattern is dendritic 

(Figure 15). As far as is known, the area has not undergone glaciation even though it is at very 

high latitude (Currey 1964).  The University of Colorado has published a Paleoglacier Atlas of 

Alaska and it indicates that the area has not been glaciated in either during the late 

Wisconsinan or the Pleistocene (Manley and Kaufman 2013).  The area is cold (MAT -5oC) and 

fairly dry (MAP 280 mm) (NOAA 2013).  

Figure 14 Ogotoruk study area 
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Figure 15 Ogotoruk channel drainage 

 

Uppingham 

This study area is located in central England (Figure 16). It occupies an area of 2,676km2. 

Asymmetry in this area was noted by Chandler (1970). It was noted that the clay-rich soil 

reached thicknesses of up to 200 feet over bedrock that has less than one degree of tilt 

(Chandler 1970). The area is sufficiently far south that it escaped glaciation (Boston, Evans & 

Cofaigh, 2010). It is warmer and wetter than the Caydell site (MAT 14.4oC and MAP 586 mm - 

UK National Weather Service 2013).  The streams in this area have a dendritic drainage pattern 

(Figure 17) and elevations within the study area range from 13 to 252 meters above sea level.  

21 



Figure 16 Uppingham study area 

Figure 17 Uppingham channel drainage 
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Yelapa 

 This study area is located within the state of Jalisco in central Mexico, north of 

Guadalajara (Figure 18). It has not yet been examined for asymmetry, but it is in an area thickly 

(1000m) blanketed by basaltic lava flows (Ferrari 1999) and the drainage pattern for this area is 

dendritic (Figure 19). Located at the lowest latitude of all the study areas (21 degrees north), 

this area is included to help determine whether asymmetry develops at low latitudes. The 

climate here is warm and fairly wet (MAT 20oC, MAP 920 mm National Meteorological Service 

of Mexico 2013). Elevations within the study area range from 456 to 2788 meters above sea 

level. 

Figure 18 Yelapa study area 

Figure 19 Yelapa channel drainage 
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Remote Sensing 

High quality digital elevation models (DEMs) are available for most places on Earth. All 

of the selected study areas have DEMs available with the same spatial resolution (30 meters). 

Data are available for all the selected study areas from the NASA/METI ASTER project 

(http://asterweb.jpl.nasa.gov/gdem.asp). The original data of ASTER GDEM is the property of 

the Ministry of Economy, Trade and Industry of Japan (METI) and the National Aeronautics and 

Space Administration (NASA). 

There are two main ways to determine whether a valley is asymmetrical: qualitative (it 

looks like it’s asymmetrical) or quantitative. On the basis of measurement, there will be very 

few valleys that are exactly symmetrical. Somewhere along the continuum, a decision has to be 

made regarding the distinction between symmetrical and asymmetrical. Rather than rely on a 

subjective measure of asymmetry which can vary from person to person, a quantitative 

objective approach will be employed. Naylor and Gabet (2007) and French (1971) created a 

measure for asymmetry. The Asymmetry Index is the ratio of the length of one side of the valley 

(ridge crest to valley bottom) to the opposite side. The longer value is in the numerator, 

providing a value that is at least one. If the index is one, then the sides are the same length and 

the valley is perfectly symmetrical. As the number increases, the valley becomes more 

asymmetrical. French (1971) suggested a threshold of 1.5 to determine asymmetry. Naylor and 

Gabet (2007) determined that a ratio of 1.55 denoted a valley that was significantly 

asymmetrical. Though asymmetry will be examined using slope angle rather than slope length, 

this project will use an index threshold of 1.5 to distinguish between symmetrical and 

asymmetrical.  
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 There are a number of different ways to examine a valley for asymmetry. Probably the 

easiest is to acquire a topographic map and measure the slopes directly from the map. This 

method is subject to error because the exact location of a divide between stream basins is 

often ambiguous. This uncertainty can lead to unrepeatable measurements. There is also the 

question of map availability. Not all areas are mapped at the same scale (which is essential 

when identifying stream basins using topographic maps). For these reasons, it was decided not 

to use topographic maps. Another method is to perform field work. While actually working at 

the sites could provide invaluable information regarding landscape, vegetation, microclimate 

and other variables, it is not feasible in terms of time and expense. Instead, this study will use 

remotely acquired images to analyze valley asymmetry. Digital elevation models (DEMs) with 30 

meter resolution are now available for most of the surface of the earth. All of the study areas 

are available with this same level of resolution.  Using the DEM’s, edges of each valley basin can 

be delineated more accurately than using maps and more quickly than field work. There are 

two parameters that can be used for assessing for asymmetry: slope area or slope angle. The 

slope area approach compares the planimetric area from the stream to the divide for each side 

of the stream in a watershed. This approach is appropriate when the altitudes of the ridges are 

comparable from one side of the divide to the other along the length of the basin. If one side of 

the basin has a ridge that is considerably lower than the opposing ridge, then this approach is 

not appropriate (Figure 20). It is possible to have substantially different areas from one side of 

the basin to the other but still have similar slope angles. Rather than use two different methods 

to measure asymmetry (depending on the valley morphology), it was decided to use the slope 
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angle approach. Valley asymmetry will be assessed by directly comparing slope angles of the 

sides of the valley.  

Figure 20 Scenarios of slope and area asymmetry 

First, the watersheds must be identified. All rasters were manipulated using ArcMap 10.1. Each 

area digital elevation model (DEM) will be used to generate several products. First, the streams 

will be delineated. The sinks (errors in the elevation model which incorrectly assign low values 

to cells) in the DEM will be filled in, and then the ‘flow direction’ and ‘flow accumulation’ 

software tools will be used to identify the direction of the flow of water over the surface and 

where these flows accumulate. The raster product of the flow accumulation process is used to 

identify stream beds (areas of high flow accumulation). The ‘con’ tool is used to isolate these 

high value cells. Depending on the value threshold used with the ‘con’ tool, different sized 

streams are identified. If the threshold is a large number, only the largest streams are 
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identified. In the first iteration, threshold values are approximately ten percent of the 

maximum value in the flow accumulation raster. This value usually results in generating 

approximately ten terminal streams (those with no subsequent branches).  It is from these 

terminal streams that the watersheds are generated (Figure 21).  

Figure 21 Identifying terminal branches of a stream 

A finer scale will be generated with the threshold set at approximately five percent of the 

maximum flow accumulation value, which will produce more branches and smaller watersheds. 

Again, only terminal branches (those with no further branching) will be used to generate 

smaller watersheds. Some of the smaller watersheds will overlap areas of larger watersheds, 

and some areas of the larger watersheds will not be completely filled in unless or until the very 

smallest streams are identified. Each study area will be examined at two to three different 

scales. 
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A cell representing the lowest point (downstream) of the terminal branch is identified. A 

pour point is snapped to that cell (Figure 22) and the ‘watershed’ tool then generates the 

watershed raster. The resulting raster is then transformed into a polygon that outlines the 

watershed. A copy of the watershed polygon is then exported to Google Earth where the 

bearing of the stream flow is determined. It is this polygon that is used as a template to extract 

information about that particular watershed. The polygon is then split using ArcMap along the 

stream into the two slopes, each of which faces the stream.  

Figure 22 Identifying cells which will become terminal branches 

Using the DEM and the ‘aspect tool’ software, a raster is generated containing the 

aspect angle for each pixel (aspect raster). The DEM is also used with the ‘slope tool’ software 

to generate a raster that contains the slope of each pixel (slope raster). From each of these two 
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rasters, only the cells that are contained within one side of the watershed are selected using 

the polygon of one side of the watershed and the ‘clip tool’ software (see Figure 23). The 

clipped aspect raster is used to generate a mask which will extract only those cells in the 

clipped slope raster that fall with in particular range of aspects. 

Figure 23 Generation of clipped slope and mask rasters 

Generating the mask raster starts with the aspect raster. It is from this raster that cells facing 

the stream will be identified. First cells that directly face the stream are identified. These have 

aspects that are ±90o from the stream bearing. For example, if the stream flows along a bearing 
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of 48o, the slopes directly facing that stream will have aspects of 138o and 318o (the ‘left’ and 

the ‘right’ side of the watersheds respectively). At this point, each side of the watershed is 

examined individually and different masks are generated for each side. Starting with the ‘left’ 

side, cells that have aspects of 138o will directly face the stream, but these are not the only 

cells that are relevant. It is important to also include those cells with aspects close to 

perpendicular. There is some variance in the bearing of the slope (slopes very seldom directly 

face the stream) so aspect cells containing values ranging ±45o from the perpendicular will be 

included. Cells with values greater than 45o from the perpendicular no longer face the stream 

and face a direction that is better described as running along the stream. The ‘reclassify’ tool 

will be used to differentiate those cells that have slopes within the target ranges (±45o from 

perpendicular) and generate the mask raster. If the cell contains an aspect within the range, (in 

this case, from 93o to 183o) the corresponding cell in the mask raster is assigned a value of 1. If 

it does not fall within the range, it is given a null value. Once all of the cells have been assigned 

values, raster algebra is used to multiply the mask raster with the clipped slope raster. The 

output raster will have cells containing null cells or the slope values (Figure 24). Following the 

method of Poulos et al. (2012), slopes of 5 degrees or less are considered ‘flat’ and are excluded 

from this analysis. The slope values above 5 degrees will then be used to generate an average 

slope for that half of the watershed. In the example given in Figure 24, the average slope value 

is 19.4. The process is then repeated for the other half of the watershed and another average 

slope value is obtained. From these average slope values, the Angle Index is created. It is a ratio 

of the values (larger divided by smaller). The values are at least one and they increase in value 

as the degree of asymmetry increases. 
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Figure 24 An example of using an aspect raster to create a mask raster 

The final task involves comparing valleys within the same study area. Wende (1995) and 

Melton (1960) suggest that asymmetry is linked to depositional rather than erosional processes. 

If this is true, older, less steep reaches are more likely to be asymmetric than the younger, 

shorter and steeper reaches. The younger reaches are eroding head ward and while there is 

some deposition occurring there, erosion is the predominant process. To assess which process 

is producing asymmetry, watersheds will be identified at different. First the largest watersheds 

in the area will be delineated and scrutinized. Then smaller basins will be identified. These 

smaller basins will encompass reaches that are shorter and younger than the larger watersheds. 

The asymmetry of the sub-basins will be compared to the asymmetry of the larger basins of the 

study area to determine whether the presence of asymmetry and degree of asymmetry are 

associated with basin size.  

  

121 97 245 130 null null null 1 18 19 18 12 null null null 12

110 95 200 140 null null 1 null X 19 22 26 23 = null null 26 null

100 99 170 150 null null 1 1 11 18 25 20 null null 25 20

98 95 150 120 null null 1 null 6 8 14 14 null null 14 null

Output RasterSlope RasterMask RasterAspect Raster

reclassify
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Figure 25 Procedure flow chart 
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RESULTS 

A total of nine regions were examined in this study. They range in latitudes from 21o to 

74o. Two of the study areas are at low latitudes (Giant’s Castle and Yelapa), two are at high 

latitudes (Banks and Ogotoruk), and the remainder are at mid-latitudes. In all, 447 watersheds 

were identified (Table 2).  The Angle Index values ranged from 1.00 to 1.95. Of these, there 

were only 13 instances where the values exceeded 1.5. 

Table 2 Study area descriptive statistics 

 

Each of the study areas contained nested watersheds up to three levels of resolution to 

determine whether degree of asymmetry is related to watershed size and predominantly 

erosional or depositional processes. Table 3 provides a summary of the numbers of valleys 

examined at each level of resolution. In each study area, there were some watersheds which 

were seen at the finer levels of resolution did not overlap areas covered by larger watersheds. 

Since not all of the watersheds in each area were nested so the totals from Table 3 do not 

match those in Table 2.  

Name Mean Number of 
watersheds

Std. 
Deviation

Badlands 1.029 46 0.034
Banks 1.030 63 0.025
Bavaria 1.049 44 0.048
Caydell 1.049 57 0.053
Giant's Castle 1.260 39 0.240
Indiana 1.034 57 0.030
Ogotoruk 1.026 28 0.037
Uppingham 1.052 49 0.042
Yelapa 1.222 74 0.195
Total 1.087 457 0.139
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Table 3 The number of watersheds nested at reach level of resolution 

 

 
Analyses 

 The first step is to determine whether there is a difference in Angle Indices (AI) from 

one study area to another.  In order to determine this, all of the Indices in each study area were 

examined using paired t-tests. IBMS’s SPSS statistical software was used to run this test. The 

confidence level was set at 95%. If a difference exists, then the average Indices were compared 

to determine which was larger. Figure 26 is a display of the results. White cells indicate that 

there was no significant difference in the AI’s for the watersheds of the two study areas. 

Shaded cells indicate a significant difference. Where a difference exists, an arrow is used to 

indicate which of the two study areas has a larger Angle Index (which study area has 

watersheds that are more asymmetrical).   

 Now that there is confirmation that the study areas differ in Angle Index, a scatter plot 

was created to see how the Indices change with latitude. Figure 27 is the result. This graph 

suggests that the valleys are less asymmetrical as latitude increases.This result is unexpected so 

further analyses were performed (in particular, a regression analysis). 

1st tier 2nd tier 3rd tier
Badlands 6 16 0
Banks 9 28 8
Bavaria 3 13 13
Caydell 6 17 31
Giant 7 24 0
Indiana 7 25 21
Ogotoruk 4 13 5
Uppingham 10 25 5
Yelapa 12 37 7
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Figure 26 Paired t-test results comparing angle indices 

Figure 27 Angle index variations by latitude 

 

Regression 

Using SPSS, a regression analysis was performed to determine which factors were 

responsible for predicting a larger degree of asymmetry since it does not appear that increasing 

latitude does. This process evaluates a series of variables to determine whether those variables 
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are useful for predicting another variable (in this case, a high degree of asymmetry). A 

mathematical model is generated and the contribution of each variable to the predictive ability 

of the modes is weighed. 

• Latitude (‘latitude’) is the variables of immediate interest. If a higher degree of 

asymmetry is related to differing amounts of insolation received from one slope to 

the other, then we should see these two factors contributing substantially to the 

model.   

• Valley orientation was represented in two forms. First, the absolute bearing of the 

stream was used (‘bearing’). Secondly, the bearings were divided into groups 

(‘bearing_code’). Those streams running in a predominantly north/south axis were 

grouped together and those flowing along an east/west axis were placed in the 

other group.  

• The highest and lowest elevations within the watershed were included (‘high’ and 

‘low’ respectively) to see whether this has any bearing on the findings. In addition, 

the variable ‘diff’ was included. This is simply the elevation range for each 

watershed. This was included to determine whether areas of higher relief have a 

higher degree of asymmetry. 

• Watershed area (‘area’) was included to determine whether larger, more 

established watersheds (those with larger areas) will have a higher degree of 

asymmetry or whether smaller, younger watersheds will.  

• Mean annual precipitation (‘map’) and mean annual temperature (‘mat’) were 

included to determine whether climate is relevant.  
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Table 4 Regression analysis results for all samples (95% confidence) 

 

Figure 28 Cumulative contribution of factors by percent 
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Model R R2 Contribution
1 .579a 0.335 0.335
2 .584b 0.341 0.006
3 .586c 0.344 0.003
4 .588d 0.345 0.001
5 .589e 0.347 0.002
6 .590f 0.348 0.001
7 .591g 0.349 0.001
8 .592h 0.35 0.001

a Predictors: (Constant), high elevation
b Predictors: (Constant), highelevation, watershed area
c Predictors: (Constant), high elevation, watershed area, latitude
d Predictors: (Constant), high elevation, watershed area, latitude, precipitation
e Predictors: (Constant), high elevation, watershed area, latitude, precipitation,

temperature
f Predictors: (Constant),high elevation, watershed area, latitude, precipitation,

 temperature, stream bearing
g Predictors: (Constant), high elevation, watershed area, latitude, precipitation, 

 temperature, stream bearing, bearing code
h Predictors: (Constant),  high elevation, watershed area, latitude, precipitation

temperature, stream bearing, bearing code, relief

Model Summary



Table 5 Regression-generated coefficients (all samples) 

Unstandardized Coefficients
Standardized 
Coefficients

Model B Std. Error Beta
1 (Constant) 1.007 0.008 134.122 0

high elevation 7.84E-05 0.000 0.579 15.126 0
2 (Constant) 1.011 0.008 131.328 0

high elevation 7.99E-05 0.000 0.59 15.298 0
watershed area -6.49E-05 0.000 -0.076 -1.965 0.05

3 (Constant) 1.052 0.030 34.894 0
high elevation 7.10E-05 0.000 0.524 8.625 0
watershed area -6.57E-05 0.000 -0.077 -1.991 0.047
latitude -0.001 0.000 -0.084 -1.393 0.164

4 (Constant) 1.039 0.032 32.012 0
high elevation 7.16E-05 0.000 0.529 8.679 0
watershed area -7.52E-05 0.000 -0.088 -2.202 0.028
latitude -0.001 0.000 -0.075 -1.229 0.22
precipitation 1.30E-05 0.000 0.043 1.075 0.283

5 (Constant) 1.098 0.063 17.46 0
high elevation 6.64E-05 0.000 0.491 6.996 0
watershed area -7.65E-05 0.000 -0.089 -2.238 0.026
latitude -0.002 0.001 -0.198 -1.557 0.12
precipitation 2.10E-05 0.000 0.07 1.488 0.137
temperature -0.001 0.001 -0.111 -1.1 0.272

6 (Constant) 1.081 0.065 16.607 0
high elevation 6.69E-05 0.000 0.494 7.037 0
watershed area -7.66E-05 0.000 -0.089 -2.241 0.026
latitude -0.002 0.001 -0.193 -1.521 0.129
precipitation 2.22E-05 0.000 0.074 1.567 0.118
temperature -0.001 0.001 -0.107 -1.055 0.292
bearing 7.13E-05 0.000 0.037 0.97 0.333

7 (Constant) 1.092 0.067 16.391 0
high elevation 6.70E-05 0.000 0.495 7.043 0
watershed area -7.97E-05 0.000 -0.093 -2.314 0.021
latitude -0.002 0.001 -0.202 -1.583 0.114
precipitation 2.19E-05 0.000 0.073 1.551 0.122
temperature -0.001 0.001 -0.111 -1.093 0.275
bearing 5.83E-05 0.000 0.031 0.771 0.441
bearing code -0.008 0.011 -0.03 -0.754 0.451

8 (Constant) 1.085 0.067 16.099 0
high elevation 6.21E-05 0.000 0.459 5.334 0
watershed area -8.09E-05 0.000 -0.094 -2.345 0.019
latitude -0.002 0.001 -0.191 -1.49 0.137
precipitation 1.91E-05 0.000 0.063 1.299 0.195
temperature -0.001 0.001 -0.101 -0.979 0.328
bearing 7.20E-05 0.000 0.038 0.924 0.356
bearing code -0.009 0.011 -0.031 -0.773 0.44
relief 1.68E-05 0.000 0.051 0.731 0.465

a Dependent Variable: AI
note: low elevation was not a statistically significant contribution to the model and was dropped

t Sig.

Coefficientsa
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Table 6  Model significance at 95% confidence level (all samples) 

  

Model
Sum of 
Squares df

Mean 
Square F Sig.

1 Regression 2.958 1 2.958 228.795 .000b

Residual 5.87 454 0.013
Total 8.828 455

2 Regression 3.008 2 1.504 117.048 .000c

Residual 5.82 453 0.013
Total 8.828 455

3 Regression 3.033 3 1.011 78.84 .000d

Residual 5.796 452 0.013
Total 8.828 455

4 Regression 3.047 4 0.762 59.439 .000e

Residual 5.781 451 0.013
Total 8.828 455

5 Regression 3.063 5 0.613 47.816 .000f

Residual 5.765 450 0.013
Total 8.828 455

6 Regression 3.075 6 0.513 39.998 .000g

Residual 5.753 449 0.013
Total 8.828 455

7 Regression 3.082 7 0.44 34.332 .000h

Residual 5.746 448 0.013
Total 8.828 455

8 Regression 3.089 8 0.386 30.076 .000i

Residual 5.739 447 0.013
Total 8.828 455

a Dependent Variable: AI
b Predictors: (Constant), high elevation
c Predictors: (Constant), high elevation, watershed area
d Predictors: (Constant), high elevation, watershed area, latitude
e Predictors: (Constant), high elevation, watershed area, latitude, precipitation
f Predictors: (Constant), high elevation, watershed area, latitude, precipitation, 

temperature
g Predictors: (Constant), high elevation, watershed area, latitude, precipitation, 

temperature, stream bearing
h Predictors: (Constant), high elevation, watershed area, latitude, precipitation, 

temperature, stream bearing, bearing code
i Predictors: (Constant), high elevation, watershed area, latitude, precipitation,

temperature, stream bearing, bearing code, relief

ANOVAa
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DISCUSSION 

 This work started out with the presumption that an Angle Index will produce a means to 

describe the degree of asymmetry comparable to the Asymmetry Index of Naylor and Gabet 

(2007) and French (1971). Compared to the Asymmetry Index, the Angle Index values are much 

smaller in value and in this study only ranged from 1.00 to 1.95. Of the more than four hundred 

valleys examined, only thirteen had values that exceeded 1.5 (almost three percent). All of 

these strongly asymmetrical valleys were found in either the Giant’s Castle or Yelapa areas. The 

decision to use 1.5 as a threshold is arbitrary and may not accurately represent those valleys 

that are visually asymmetrical. The value used as a threshold may need to be adjusted to 

accurately identify those valleys. However, this measure, with values along a continuum, is 

useful in comparing valleys to describe degrees of asymmetry. This ability to consider values 

along a range, rather than simply those that are ‘symmetrical’ or ‘asymmetrical’ was especially 

useful in the regression analysis where the 1.5 threshold value was not used. Rather, the Angle 

Indices were used which provided more flexibility in the analysis. 

The primary objective of this investigation was to determine whether valleys at high 

latitudes are more asymmetrical than those at low latitudes. To this end, the Angle Indices of 

the study areas were compared using IBM’s SPSS software package. Each possible pairing of 

study areas was analyzed using paired t-tests. When the study areas were compared in pairs, 

more than half of them resulted in a statistically significant difference in Angle Index at the 95% 

confidence level (Figure 26). This comparison brought to light a surprising finding: the lowest 

latitude study areas are more asymmetrical, rather than the highest latitudes. This finding 

agrees with the trend shown in Figure 27. This was particularly notable in the Giant’s Castle and 
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Yelapa areas. In every pairing, these two areas proved to be statistically different from each of 

the other study areas. A difference indicates that the degree of asymmetry in one area is 

different from the other study area but it does not indicate which value is larger. Where a 

difference exists, an inspection of the mean Angle Indices of each study area were compared to 

determine which study area tended to be more asymmetrical (Table 2). When Yelapa and 

Giant’s Castle were compared directly, Giant’s Castle had a larger average Angle Index, 

indicating that the valleys in the Giant’s Castle study area have a higher degree of asymmetry 

(Figure 26). The only other study area that tended to have a significant difference in Angle Index 

at the 95% confidences level was Caydell. Caydell has a higher degree of asymmetry than 

Badlands, Banks, Indiana and Ogotoruk, but is less asymmetrical than Giant’s Castle or Yelapa.  

Three of the areas that are different from Caydell are at similar latitudes. This brings up the 

question of whether it would be appropriate to group the study areas by general latitude.   

The areas were then grouped into three classes based on latitude: 0o-30o (low latitudes), 

30o-60o (middle latitudes) and 60o-90o (high latitudes) to determine whether there is a trend in 

Angle Index difference based on these groups. As seen in Figure 29, the study areas fall within 

these groupings.  In each of the three comparisons, there was a statistically significant 

difference in the Angle Indices, and it followed the progression of low latitudes having larger 

average Indices than middle latitudes, which in turn were higher in value than the high 

latitudes. 
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Figure 29 Distribution of study areas by latitude 

In order to ascertain which factors might contribute to asymmetry a regression analysis 

using SPSS was performed using data available. The regression looked at latitude, stream 

bearing, basin area, elevation data (high, low and elevation differences within watersheds) and 

climate variables (mean annual temperature and precipitation). Stream bearing was examined 

in two different ways. The average compass bearing of the stream was included in the analysis 

as was the general trend of stream flow (east/west or north/south). The bearing of the stream 

in each valley was used to see whether degree of asymmetry was dependent upon the direction 

the stream flowed or the general trend of the valley. If differential insolation is a strong factor 

in the creation of asymmetrical valleys, then valley orientation ought to be important. Basin 

area was used because it would reflect whether asymmetry was tied to the age of the basin. 

Older basins are larger basins. This might give some indication whether valleys start 

asymmetrical or if they become asymmetrical over time. Elevation data were included because 

it has been suggested by Poulos (2012) that elevation plays a role in valley asymmetry. 
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Temperature and precipitation were included because it is useful to know what role these 

climate variables play in asymmetry.  

The factors outlined above account for 35% of the predictive ability of the model 

generated by the regression. The single factor that accounted for the highest amount was ‘high’ 

elevation at 33% (see Table 4 and Figure 27). The analysis returned a positive coefficient for this 

variable. Evidently valleys at higher elevations are more likely to have a higher degree of 

asymmetry. The other factor contributed only marginally. The variable ‘Area’ supplied another 

0.6%. The coefficient for this variable was negative which indicates that smaller valleys tend to 

be more asymmetrical.  The variable ‘latitude’ also was assigned a negative coefficient. This 

makes sense because it supports the earlier findings that valleys with higher degrees of 

asymmetry are located at lower latitudes. The variable ‘precipitation’ was assigned a positive 

coefficient while ‘temperature’ was given a negative coefficient. Cooler, wetter regions are 

more likely to produce higher degrees of asymmetry. ‘Bearing’ and ‘difference’ variables were 

given positive coefficients. Areas with higher relief are more likely to have a higher degree of 

asymmetry. The interpretation of ‘bearing’ and ‘bearing code’ are problematic because of the 

nature of reporting a compass bearing. It seems that the higher the bearing value, the higher 

the degree of asymmetry, but we have to remember that in this type of analysis, valleys with 

bearings of 359o and 1o are going to considered to be very different when they are in fact very 

similar. Likewise, ‘bearing code’ coded as a Boolean value: zero for north/south valleys and one 

for east/west valleys. Because of the way it is coded, we cannot assign any meaningful 

interpretation to the result other than to say that stream bearing has some effect on the 

degree of asymmetry. The variable ‘low’ which indicated the lowest elevation within each 
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watershed did not contribute to the model with any degree of statistical significance and was 

not included in the model.  

While the analysis suggests that high elevations, smaller basin areas, low latitudes, low 

temperatures high precipitation and high relief are factors that may contribute to a higher 

degree of asymmetry, it is important to note that the two low latitude study areas (Giant’s 

Castle and Yelapa) are also similar in that they are the two that formed on basalts and both 

have the highest absolute elevation as well has having the highest degree of relief. The model 

may have over-emphasized the importance of this aspect when it identified ‘high elevation’ as 

the variable that contributed most to the model. In the future, it will be appropriate to include 

high latitude, high relief study areas as well as low latitude, low relief areas and run the analysis 

again to establish whether this makes a difference. 

 All of the other study areas have sedimentary parent material. This fact was not 

incorporated into the model and may prove to be significant. Another regression was 

performed without these two basalt study areas and the results revealed that two factors that 

were significant ‘high elevation’ and precipitation. The overall accuracy of the model generated 

in this regression decreased to only nine percent. It appears that in study areas in middle to 

high latitudes, high elevations and higher levels of precipitation are associated with higher 

degrees of asymmetry. Again, the variable ‘low’ did not contribute to the model and was 

dropped.  

The appearance of climate variables is interesting. The low temperature finding agrees 

with the high elevation finding. As elevation increases, air temperature decreases. The inclusion 

of ‘precipitation’ was interesting. When considering the contribution of precipitation, we need 
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to consider not only the fact that water moves over the land, dissolving and transporting 

material, but that the prevailing winds might focus this erosive activity on one slope (Noguchi 

1992). While this project did not look at the relationship between slope aspect and prevailing 

wind direction, future research may find that this is an important component.  

The other question that this project seeks to answer is whether nested watersheds have 

different degrees of asymmetry. Within each large watershed there are smaller watersheds 

that were identified (Table 3). This question is relevant because it may answer whether the 

degree of asymmetry changes along a stream reach. We know from the regression that smaller 

watersheds are more likely to be asymmetrical but this investigation directly compared nested 

watersheds. Using SPSS, the Angle Index of each of the smaller watersheds was compared to 

the encompassing watershed using the non-parametric one sample test. There were fifty-two 

sets of basins analyzed. When viewed in a list, there appear to be differences in the Angle Index 

values. Usually the smaller watersheds had a slightly higher degree of asymmetry, but none of 

the smaller watersheds was deemed different from the encompassing basin at the 95% 

confidence level. Therefore, it cannot be said with any assurance that the smaller valleys have 

different degrees of asymmetry than larger valleys. 

All of these analyses tell us that latitude is not a strong factor in predicting degree of 

asymmetry. Rather than high latitude valleys being more asymmetrical, those at lower latitudes 

are. This notion is contrary the idea that differential insolation is a driving factor in creating 

asymmetrical valleys. At low latitudes, the sun’s rays are more vertical than those at the poles 

and so there is very little difference in insolation from one slope to another.   
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 Ongoing investigations are obviously necessary. It would be interesting if several low 

latitude areas of dendritic drainage over flat sedimentary bedrock could be located and 

examined and the results compared to this study. It would also be interesting to see whether 

prevailing wind direction is an important factor. Another factor that could be controlled for is 

climate either temperature or precipitation as was done by Troy (1977).  The more variables 

that can be eliminated, the more meaningful the results will be. While asymmetrical valleys 

have been puzzling investigators for more than a century, there is still plenty that needs to be 

done.   
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CONCLUSION  

When we expect differential insolation to be a major contributing factor to the 

development of valley asymmetry, it is reasonable to expect that when differential solar 

insolation is enhanced (such as when valleys are oriented along an east/west axis and when 

they are located at a higher latitude), we would find a higher occurrence of asymmetrical 

valleys and a greater degree of asymmetry.  While this is a popular explanation, it is not 

supported by the findings in this study. Rather than finding asymmetry associated with high 

latitudes or a particular valley orientation, asymmetry was instead found to be associated with 

high elevations and low latitudes. This may be one reason why there is no clear trend in the 

literature as to how asymmetrical valleys are oriented.  

While there has been a lot of work done over the years studying asymmetrical valleys, 

there is no clear consensus whether slopes that receive more solar insolation are steeper 

(Bryant and Madisen 1932; Chandler 1970; Melton 1960; Churchill 1981; Tuck 1931, Beaty 

1961; Boelhouwers 1988; French 1971; Mieklejohn 1992 and 1994), whether slopes receiving 

less solar insolation are steeper (Gilbert 1904; Currey 1964; Dohrenwend 1978; Russell 1924) or 

whether asymmetry was not related at all to valley orientation (Wende 1995).  From this work, 

it appears that valley orientation (and thus differential solar insolation) is not an important 

factor in producing asymmetrical valleys. If differential insolation was important, then valleys at 

higher latitudes should have been more asymmetrical, rather than those at low latitudes. 

Obviously there are other mechanisms at work that produce these landforms. One 

factor that keeps coming up is the influence of climate. When all of the valleys were 

considered, it appears that lower annual temperatures are associated with higher degrees of 
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asymmetry while these valleys are also located at low latitudes. This combination is a bit of a 

contradiction. Low latitude locations have (as a general rule) higher annual temperatures than 

high latitude areas.  High elevations generally do not have powerful streams flowing along the 

surface, causing substantial erosion. This makes the genesis of asymmetrical valleys at higher 

elevations more puzzling. The answer to this conundrum may lay in the study area 

characteristics. Only the lowest latitude study areas had very high elevations. The extreme 

degree of asymmetry may be associated with elevation when in fact the link is only 

coincidental. It is likely that the exact reasons are site-specific which will complicate further 

investigations.  

To expand this study, there are several lines of inquiry that may prove to be fruitful. 

First, it would be appropriate to locate and assess areas that are at low latitudes and at low 

elevations. To balance this, areas at higher latitudes with higher elevations would be beneficial. 

This may clarify the role that elevation plays in asymmetrical valley development.  

Since precipitation scored (relatively) high in the factor analysis, it would be interesting 

to look at the prevailing wind patterns for each area to determine whether slopes with lower 

slope angles are those that would consistently be pounded by wind-driven rains. This study did 

not highlight the directionality of the asymmetrical valleys and this might be a fruitful line of 

inquiry.  

The difference in parent material may play an important factor in asymmetrical valley 

development. In this study, there were two main types of material through which the streams 

incised: sedimentary and basalt. These materials have very different properties which may be 
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obscuring the analysis. This should be taken into consideration when selecting new study areas. 

If the material is held constant, the relative importance of other variables may become clearer.  

It was suggested that one limitation to the methodology used in this study is that the 

accuracy of the slope measurement may be impeded by the limitations of the software. At a 

single level of resolution, there may be artifacts within the Digital Elevation Model that return 

an inaccurate slope value. If the slopes were examined at multiple levels of resolution (using 60 

and 90 meter resolution rasters), these artifacts may be eliminated and a more accurate slope 

value could be generated.  

While it is tempting to reach for a single causative factor that is responsible for 

developing asymmetrical valleys, it may be better to take the approach used by Hans Jenny 

(1941) when the developed his array of soil forming factors. This list of variables accounts for 

differences in topography, climate and parent material. While this approach (suggested by Dr. 

Maxey) is more complicated, it certainly makes more sense than to attribute one single factor 

that is responsible for creating asymmetrical valleys over the entire face of the earth, regardless 

of local condition.  
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