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Abstract 
 

The slope-area method is a commonly used and widely accepted technique for 

estimating peak flood flows in rivers where direct discharge measurements could not be 

obtained during the flood.  The method makes multiple assumptions to simplify 

calculations which include assuming uniform flow conditions between surveyed cross 

sections, and that losses of energy in the reach occur only due to bank friction.  Even 

though flows in nature do not always exhibit these simplified conditions, this method has 

been proven to provide adequate results when compared to direct measurements and thus, 

has become the go-to approach.  To conduct a slope-area computation, the hydrologist 

needs to make multiple assumptions in the field based on experience, judgment, and 

published resources as guides.  One of these assumptions is determining where to locate 

cross sections for the slope-area computation such that they sufficiently represent the 

cross-sectional area and slope of the channel.  Traditional methods suggest to place the 

cross sections at breaks in the water surface slope.  This research focuses on the 

variability of results of computed discharge values when cross sections are located at 

many different locations in the reach.   What has been found is that many combinations 

of cross sections in the reach, including sections not located at the breaks in water surface 

slope, produce similar results when compared to the traditional methods.  In fact, 121 of 

these combinations of cross sections produce peak discharge calculations within plus or 

minus five percent of the traditional methodology.  What also was found was that 

variability in channel geometry goes unnoticed when using the traditional locating 

method, and losses due to expansion and contraction of flow area at locations which 
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would not have been traditionally surveyed are occurring at multiple cross sections in the 

reach.  The results suggest that reaches be evaluated for changes in geometry and not 

overlooked, so that the changes in shape, and subsequent losses in energy, be considered 

in the computation.  
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Introduction  
 

Using indirect methods to measure discharge is an extremely important part of 

stream gage operations, especially in regions where flash floods and ephemeral flow 

regimes dominate.  Flood flows in the desert southwest are extremely flashy and are 

dominated by hazardous flow conditions making direct measurements using traditional 

methods extremely difficult to operate at the peak.  Once the peak flows recede, scientists 

can use the evidence left by the flow to estimate the peak discharge using numerical 

modeling.  This approach combines the channel geometry, with the water surface profile 

left by the flow, and uses theories of conservation of energy and steady state flow 

equations to compute a peak discharge for the event.  Peak values are critical to gage 

operation and commonly define the upper end of rating curves at many gages in the 

Southwestern United States.  These values are commonly used for floodplain delineation, 

infrastructure design, and flood warning, all of which is used to keep people safe during 

high flows. 

Once the flow has receded and a reach has been selected to conduct a slope-area 

computation, the hydrologist needs to decide where to survey each of the cross sections.  

These cross sections will divide the total reach into multiple subsections where 

conveyance can be calculated between each of the subsections, and the aggregate will be 

used to estimate the total peak discharge during the flow event.  Traditional methods 

suggests to first survey all the high water marks on the banks of the reach, then plot these 

points to evaluate where the water surface exhibits breaks in slope.  Breaks in water 

surface slope can indicate the location where changes in the channel properties are 
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causing the hydraulics to vary within the reach.  Cross sections will then be surveyed at 

these breaks in slope which will create intervals where the water surface slope, the bed 

slope, and the energy gradient are all parallel.   When reaches are surveyed in the manner, 

the slope area computation can gage equitable assessments of energy losses in the 

channel, which will contribute to a reliable estimate of peak discharge. 

Problem Statement 
 

Selecting the location of cross sections is a critical part of slope-area calculations, 

but it is unclear how sensitive cross section placement within the slope-area reach is to 

the overall estimate of peak flow discharge. 

Objective Statement 
 

To evaluate the sensitivity of cross section placement to overall estimates of peak 

flow discharge in a slope-area reach, many combinations of cross sections will be tested 

within the Slope-Area (SAC) program while using the same water surface slope in a pre-

defined slope-area reach. 

Literature Review 
 

Monitoring water resources in arid-water-scarce regions is an essential task. 

Water is critical to the environment and without, it life will cease to exist.  The 

Southwestern United States is one of these regions where access to adequate water supply 

is critical to life, the economy, and the productivity of riparian habitat among many other 

things.  It is common for people living in the southwest to recognize the importance of 

water resources and inhabitants are well aware of the critical role water plays in day to 
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day life.  Stream channels in the southwest are commonly intermittent and ephemeral 

meaning flow occurs only during wet monsoon or wet winter periods and during flash 

flooding events.  When observed, these conditions reinforce the importance of water 

resources every day to the people living in arid regions. 

 Surface water plays a critical role in the southwest, even though most people 

commonly associate groundwater as the most important source of water in arid regions, 

surface water makes up for 58% of the annual water demand in Arizona (Maupin et al. 

2014).  The most common method of monitoring surface-water discharge is to use a 

stream flow gage.  Many agencies around Arizona operate stream gages, and in 

conjunction, they provide a comprehensive record of surface–water discharge throughout 

the state.  These agencies include the Bureau of Reclamation, the International Boundary 

Water Commission, the 14 counties of Arizona, including county flood control districts in 

each county, and the United States Geological Survey (USGS) among others.   The 

USGS alone operates about 225 stream gages in Arizona where data can be viewed in 

real time over the internet (http://az.water.usgs.gov/).   

 USGS stream gages are used by many people in the community.  The gages play a 

critical role in collecting stream flow data, in real time, that can be used for reservoir 

operations, ensure proper deliveries to water users, navigation, flood warning by the 

National Weather Service, long term records for water rights, and can be used by the 

public at large for insights on potential recreational activities like boating, swimming, 

fishing, etc.  These data are critical to the region, and are commonly considered the gold 
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standard of in-stream flow data quality.   USGS stream gages in the United States have 

been recording stage (water depth) for over 125 years (Koontz and LaVista 2014).   

 Stream gages have adapted new technologies in recent years compared to the 

traditional methods which were used 125 years ago.  Today, many gages consist of 

precision stage sensors that commonly hold accuracy levels to a hundredth of a foot.  

These sensors come in many different types, some are designed to be submerged and 

measure the pressure exerted on the sensor by the water column above and can convert 

this to depth.  Other sensors push pressurized air through orifice lines and can calculate 

the water depth by the amount of pressure needed to force air through the lines.  Other 

sensors are non-contact radar sensors which are designed to measure the water surface 

depth with radar pulses and do not need to come into direct contact with the water 

surface.  Using non-contact sensors drastically improves the sensor’s survivability during 

flash flooding and also is not susceptible to sedimentation which can render submerged 

sensors inoperable.  At many sites, a suite of these sensors are used for redundancy to 

ensure survivability throughout an event.  

 These sensors all have one thing in common; river stage or water depth is the 

parameter which is being measured.  Techniques to continually measure river stage can 

be found in Sauer and Turnipseed (2010).  But river stage is not the end time series which 

hydrologists are after; what is sought is discharge.  To record discharge and create 

discharge hydrographs, a stage-discharge relation needs to be developed for each gaging 

station.  This relation represents the discharge at all possible flow depths measured within 

the stream channel.  To create this relation, hydrologists need to make many direct 
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discharge measurements over the entire range of flows which occur at the site.  This is 

done by measuring the river’ depth and width in a cross section, and by using current 

meters which are lowered into the water column, and are used to measure the river’s 

velocity at many different points in the cross section.  The cross section being examined 

at the gaging station, which contains all the flow, is divided into about 25 to 30 

subsections.  At each subsection, the scientist measures and records the depth and 

velocity.  This provides the data necessary to calculate the discharge in each subsection in 

the cross section. The summation of the discharges for all the subsections in the reach is 

the total discharge in the stream (xRantz et al. 1982). 

Indirect Measurements 

        

Direct measurements are the best and most preferred method of measuring stream 

flows however, during periods of flood flows, it is commonly impossible for discharge 

measurements to be made directly, and scientists need to rely on indirect methods of 

measuring discharge to define the upper end of rating curves.  Indirect measurements are 

necessary when field personnel are unable to make a measurement at the peak discharge.  

In arid regions, like Arizona, this can be quite common.  Flash flooding can occur 

extremely quickly; rivers can go from dry to peak flow in just minutes (Yatheendradas et 

al. 2008).  This makes it almost impossible to be at every site during the peak, especially 

considering the distance and remoteness of some of the stream gage sites in Arizona.  

Other factors limiting the ability of field personnel to make direct measurements during 

flood flows are the dangers associated with measuring high flows, limited access to sites 

during times of poor weather conditions, the lack of bridge structures or cableways to use 
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to lower current meters into the water column during the flood, rapid changes in stage 

which negatively impacts direct measurement quality, and heavy debris in the flows that 

compromise measuring equipment, among many other factors.  Overall, the safety of 

field personnel is paramount, and having the option to use indirect methods to measure 

dangerous flood flows is preferred over subjecting any scientist to potentially life 

threatening conditions. 

Many different forms of indirect measurements exist, the most common methods 

include step backwater method, contracted opening, flow over dam, flow through culvert, 

and the method used within this analysis, the slope-area method.  The slope-area method 

is the most common method used for indirect measurements and is based on the 

Manning’s equation (Equation 1) which was developed to simulate flow with uniform 

conditions where the water surface profile and energy gradient in the reach is parallel to 

the streambed (Dalrymple and Benson, 1967).  The Manning’s equation is:  

 

Q = (C/n) A R2/3S^1/2     (Equation 1)     

Where: 

C = Coefficient (1 when using Metric units) (1.49 when using English units) 

Q = Discharge (Cubic Meters per Second) (Cubic Feet per Second) 

A = Cross-sectional area (Square Meters) (Square Feet) 

R= Hydraulic Radius = A / Wetted Perimeter (Meters) (Feet) 

S = Friction slope (Meter per Meter) (Feet per Feet) 

N = Manning’s roughness coefficient (Meter (1/6)) (Feet (1/6)) 
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The general assumption when using the slope-area method is that as the water-

surface slope and the hydraulic mean depth, or hydraulic radius, increases, so does the 

river’s velocity, while if channel roughness increases, the river velocity will be reduced 

(Hewlett, 1982).  However, natural channels do not commonly exhibit uniform flow 

conditions in a reach due to variable in stream conditions found in nature, but for a lack 

of a better solution, the Manning’s equation is considered valid for non-uniform flow 

when the energy gradient is modified to reflect only the losses due to boundary friction 

(Dalrymple and Benson, 1967). The modified energy equation used to approximate 

energy in the Manning’s equation can be found in equation 2.   

(h+hv)1=(h+hv)2+(hf)1-2+k(∆hv)1-2                                         (Equation 2) 

 

Where: 

h=elevation of the water surface at the respective sections (Meter) (Feet) 

hv=Velocity head at the respective section =αV2/2g    (Meter) (Feet) 

Hf=Energy loss due to boundary friction in the reach (Meter) (Feet) 

∆hv=Upstream velocity head minus the downstream velocity head (Meter) (Feet) 

k(∆hv)=Energy loss due to acceleration or deceleration in a contracting or expanding 

reach (Meter) (Feet) 

k=coefficient (Dimentionless) 
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Finally equation 3 shows how to calculate the friction slope in the reach which is used in 

the Manning’s equation. 

S=hf/L=(∆h+∆hv-k(∆hv))/L                                                     (Equation 3) 

 

Where: 

S=Friction slope (Meter) (Feet) 

∆h=Difference in water surface elevation at the cross sections (Meter) (Feet) 

L=Length of the reach (Meter) (Feet) 

 

To determine the friction slope in the equation described above, one needs to 

calculate the water surface elevation and velocity heads as each cross section with an 

evaluation of the losses due to expansion or contraction of the reach that occur between 

each section.  The water surface elevation will be determined by surveying the high water 

mark profile in the reach which will be discussed in a subsequent section, but the velocity 

head is calculated with the equation 4.   

hv = αV2/2g                                                                               (Equation 4) 

Where: 

hv=velocity head (Meter) (Feet) 

V=mean velocity in the cross section (Meter per Second) (Feet per Second) 

α=Velovity head coefficient (Dimentionless) 

g=Acceleration of gravity (Meter per Second) (Feet per Second) 

 

The mean velocity in the section and can be calculated using equation 5 (Akgiray 

2004).  The energy loss due to expansion or contraction of the channel in the reach is 
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assumed to be equal to the difference in velocity heads at the two cross sections being 

compared (Dalrymple and Benson, 1967).  However, this assumption forms questionable 

results when used in reaches with large expansion is present meaning reaches that are 

greatly expanding should be avoided if at all possible when conducting a slope-area 

measurement. 

 

 

 

V=(1.486/n)R2/3S1/2                                                                                                      (Equation 5) 

Where: 

V=Velocity in a cross section (Meter per Second) (Feet per Second) 

R=Hydraulic Radius (Meter) (Feet) 

S=Channel slope (Meter per Meter) (Feet per Feet) 

n=Manning’s roughness coefficient (Meter (1/6)) (Feet (1/6)) 

   

 The remaining portion of Manning’s equation, (1.486/n) AR2/3, also known as 

conveyance, K, is calculated at each cross section within the slope-area reach.  The 

average conveyance in the reach is considered to be the geometric mean of the 

conveyances at the two cross sections being compared, which is based on the assumption 

that conveyance values vary uniformly between cross sections in the reach. Combining 

the conveyance ratios and the friction slope described above, the calculation of discharge 

between cross sections is computed using equation 6.  All of these techniques, methods, 

assumptions, and formulas are discussed further in (Dalrymple and Benson, 1967).  
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Q=√(K1K2S1)                                                                            (Equation 6) 

Where: 

K=Conveyance values calculated for each cross section (Cubic Meters per Second) 

(Cubic Feet per Second) 

S=Friction slope as defined in equation 3 (Meter) (Feet) 

 

Field Site Selection 
 

 Site selection is a critical part of conducting slope-area measurements.  Without a 

suitable site, the slope-area method will not provide adequate results for estimating 

discharge.  The method assumes that flow is uniform in the reach where conveyance 

varies evenly between all cross sections and energy losses in the reach are only due to 

bank friction.  These conditions are extremely rare in nature so site selection is usually 

based upon finding a reach with the best possible conditions in the area.  Sites which are 

straight, uniform in shape, have banks which contained all the flow during the event, 

uniform roughness throughout, slightly contracting in cross sectional area as the flow 

moves downstream, and channels where the entire cross sectional area are fully effective 

and are carrying water uniformly.  As stated above, these conditions are extremely rare to 

occur in nature in harmony, therefore reaches that contain the best possible qualities 

found in the area are usually the best case to use for slope-area computations.  Reaches 

that should be avoided include reaches where flow is exhibiting free fall, reaches that 

shift between flow regimes (sub-critical and supercritical flow), reaches with drastic 

expansion and contractions, and reaches that do not have locatable evidence of high water 

marks.  The general rules when selecting a reach for a slope-area computation are, the 

length of the reach should be equal to or greater than 75 times the mean depth of the 
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channel, the fall in the reach should be equal to or greater than the velocity head, and the 

fall in the reach should be equal to or greater than 0.5 feet (Dalrymple and Benson, 

1967). 

 The presence of high water marks is absolutely essential when conducting a 

slope-area measurement.  They represent the water surface profile during the flood, and 

are used to calculate every aspect of the slope-area computation.  Many different types of 

marks exist, these include mud lines, seed lines, debris lines, foam lines, wash lines, cut 

lines, and debris impact marks (Koenig et al., 2016).  Locating high water marks and 

knowing where to survey each mark is critical to the computation and requires scientists 

with experience and knowledge of the subject.  Uncertainty in the high water mark 

profile in the reach can cause indirect measurements to be useless.  Discharge estimates 

will have little confidence and peak stage will be unreliable to stage discharge relations 

when inadequate high water marks are the only evidence available.   

Survey 

 

 Many different techniques exist to capture survey grade point data, and many 

provide the precision required be used to collect data necessary for conducting slope-area 

computations.  Recent advances in technology have provided incredibly accurate Real 

Time Kinematic Global Positioning Systems (RTK GPS), robotic total stations accurate 

to within one second, and Light Detection and Ranging (LiDAR) systems among others, 

all of which can be used to collect survey grade point data.  The most important thing to 

do when collecting survey data is keep a very tight control on the vertical.  This is what 

documents the water surface slope in the reach and as described above, the computation 
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is very sensitive to changes in slope.  This is especially important in reaches which are 

not steep where fall over hundreds of meters of reach can be at or less than 0.15 meters.  

Small errors incurred while surveying by not following proper survey procedures can 

cause significant uncertainty in measurements, and can render the computation useless in 

extreme cases.  Best practices for surveying high water mark profiles in natural channel 

can be found in Davidian (1984).  Strict control in the horizontal is also required to 

properly align cross sections and determine the distance between sections, but this is far 

less sensitive when compared to survey caused uncertainty in the vertical.  For the 

analysis discussed here, a combination of RTK GPS and LiDAR point cloud data will be 

used. 

   Once a reach is selected, the locations of individual cross sections need to be 

determined in the reach, and the sensitivity of where cross sections are located in a slope-

area reach is what is being tested in this research.  Cross sections represent the 

topography and shape of the channel at snapshots, so to speak, within the reach.  When 

coupled with the high water mark profile they represent the cross sectional area of the 

flow, the hydraulic radius, and are the key part of calculating the conveyance in the reach 

once velocity heads are calculated.  It is possible to calculate a slope-area computation 

with only two cross sections however, this only provides one estimate of discharge and is 

considered inadequate for determining peak flows.  Three cross sections is the minimum 

recommended number of cross sections, and when possible, four or more sections can be 

used. Traditional techniques for selecting the location of cross sections require the water 

surface profile in the reach to be surveyed first.  Once all the high water mark data has 

been collected on both the left and right banks, the scientist then plots the marks to 
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visualize how the water surface varies in the reach.  Cross sections are then placed at the 

breaks in water surface slope to capture the variability of the water surface profile 

throughout the reach.  This process is based on the assumption that conveyance varies 

uniformly between cross sections and by selecting cross sections in this manner, all 

subsections compare uniformly in the computations.  Also, by doing this, the variability 

in the water surface is captured by the profile used in the final estimates for discharge, 

thus making it the preferred method.  This study will examine the sensitivity of locating 

cross sections at or near breaks and determine the importance of conducting the 

traditional locating method. 

 The last important data to collect when in the field is the documentation of 

Manning’s n values.  These values are extremely important in the computation and can 

drastically influence conveyance values between cross sections.  Skilled scientists can 

walk a slope-area reach and very quickly define a reasonable range of roughness values 

in the reach.  Others may be unsure of values, especially in areas of heavy vegetation and 

with large roughness elements like boulders and cobble being present in the reach.  It is 

very important to capture many photographs at each cross section looking both up and 

down stream to document roughness.  These photos can then be compared with 

roughness guides that have been created using channels where n verification studies have 

been led.  Two of these guides are the Roughness Characteristics of Natural Channels 

(Barnes, 1967) and the Aldridge and Garrett’s (1973) Guide to Roughness Values in 

Arizona.  When proper photographs are taken during data collections these photos can be 

compared with resources like Aldridge and Garret’s guide to help refine estimates of 

roughness in the reach.  It is also extremely important to document, within field notes on 
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the day of the survey, the estimates of roughness coefficients at each cross section in the 

main channel, channel side slopes, and in overbank areas if peak flows overtopped banks 

while at the reach.  These field estimates, commonly noted in sketches, can be extremely 

valuable when selecting a final roughness coefficient for the computation.  Even though 

many photos can be taken in a reach, the best way to estimate roughness is to walk a 

reach yourself and determine roughness values in the field. 

 

Software 
 

 Multiple slope-area programs have been developed in the past to streamline 

computations once field data have been collected.  The first of these programs is 

described in Fulford (1994) and was written in Fortran 77 and uses an input file written 

by the Water-Surface computer program (WSPRO) described in Shearman (1990).  These 

programs take field collected data in X, Y, and Z format and calculates the distance 

between sections, the stationing of sections, the water surface profile, and can operate the 

entire slope-area computation with a single execution.  These programs were then 

modernized for current operating systems and is discussed by Bradley (2012).  Bradly 

combined the process of the original Fortran 77 program and the WSPRO program into 

what he calls the Slope-Area Computation Graphical User Interface (SAC GUI).  This 

program is designed to run on the current common operating systems and provides the 

user a graphically based interface for data selection.  This program provides the user with 

many visual tools to properly select the water surface in the reach, subdivide cross 

sections when necessary, assign n-values to different portions of the reach, and it 

provides very simple output plots to evaluate results of the computation.  Another critical 
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factor that the computer programs provide is a group of statistics which indicate potential 

uncertainties in the computation.  These statistics include metrics to evaluate the 

uncertainty in losses due to expansion, the uncertainties when running the computation 

without necessary fall in the water surface, uncertainty in running the computation in a 

reach which is short, and uncertainties when running the computation in reaches where 

the conveyances values are drastically different between cross sections.  These errors are 

further discussed in Kirby (1987) and provide users with the necessary metric for proper 

evaluation of model performance. 

 The importance of the ability of scientists to run computations like slope-areas are 

evident over the recent years with more and more extreme flooding events being seen in 

the region.  Slope-area computations provide critical values of peak flows that will 

define, and in some case redefine, the upper end of rating curves at many gaging stations.  

The upper end of rating curves are critical to describe because these are the values in 

which flood plains are delineated, bridges, culverts, and roadways are engineered to meet, 

and life and property may be at risk during these types of events. These situations 

demand good data in real time to keep people safe by allowing flood plain managers to 

have accurate data necessary to provide flood warning during events. Many times high 

flows in the southwestern United States are flashy and extremely dangerous to measure 

with traditional current meters.  This makes the ability for scientists to accurately capture 

high flows using indirect methods even more important to stream gage operations.  

Indirect measurements are inherently less accurate compared to traditional current meter 

measurements (Potter and Walker, 1985) however, studies have shown, like the 1948 

study in the Columbia River which compared 22 indirect measurements with direct 
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measurement, found that 80 percent of the indirect measurements were within 10 percent 

of the actual discharge and all indirect measurements were within 20 percent of the true 

value of discharge (Dalrymple and Benson, 1967). 

Methods 
 

 This section outlines the methods used to test how the SAC program performs 

using many combinations of cross sections around the breaks in water surface slope in a 

slope-area reach.   

Site Selection 

 

To test the sensitivity of cross section placement in a slope-area reach, a site on 

Upper Little Sycamore Wash near Bagdad, Arizona was selected.  This site has been 

gaged by the U.S. Geological Survey Arizona Water Science Center since October 17th, 

2015 and has a gaging station number of 09424580.  This is high gradient stream with an 

ephemeral flow regime.  However, in some wet summer and winter seasons, sustained 

low flow can persist from days to weeks within the reach.  The bed material consists of 

mainly large boulders, 0.5 to 1 meter in diameter, with sand and gravel in the interspaces.  

The channel does not exhibit scour and filling after the flood event, and it is assumed that 

the cross sectional area surveyed after the flood was very similar to the effective flow 

area during the flood.  This assumption is based on the grass and small willows still 

present in the channel after the flood whose roots were unexposed, and stems were not 

buried.  The drainage area of the watershed above the gaging station is 37.3 KM2 (14.4 

MI2) and is extremely steep and rocky.  The reach is located at about 1,255 meters (4,116 



25 
 
 

feet) above sea level with a mean basin slope of 29.77 percent grade all of which is 100% 

contributing to the gage reach.  The basin receives about 44 cm (17.3 inches) of rainfall 

annually and is comprised of 88% shallow, rocky and sandy soils which are in hydrologic 

group C and D, which categorized them to promote moderate to rapid runoff (Mocus, 

1972).  See soils map below (Figure 1).  (StreamStats AZ, appendix 1) 

 

 

Figure 1 Map showing the soils and contributing area of the Upper Little Sycamore Site 

near Bagdad, AZ (Soil Survey Staff 2016). 
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Gage Operations 
 

The difficulties in operating the Upper Little Sycamore Wash site as a continuous 

gaging station, which traditionally requires taking many direct discharge measurements 

over the full range of flow depths with current meters operated by field staff, include the 

flashy nature of high flows and the limited access to the location when water is flowing.  

Flood flows occur very suddenly and are extremely turbulent, the river stage can change 

very rapidly, and velocities can be extreme.  The incised banks of the reach force even 

medium flows to be deep and un-wade able by field staff.  Furthermore, the lack of 

overhanging structures including bridges, manned, or unmanned cableways at the site 

make medium to high flow measurements impossible to safely obtain directly.  

Furthermore, access to the site while high flows are occurring can only be achieved via 

helicopter.  All of these reasons combine to require all medium and high flow 

measurements to be done indirectly using post flood surveys, measured water surface 

profiles left by the flood, and numerical hydrologic modeling like the slope-area 

computation to estimate peak flows.   

A flow event on August 9th, 2016 spawned the Arizona Water Science Center to 

deploy a team of scientists to conduct the first medium to high flow indirect measurement 

at the Upper Little Sycamore Wash site since the beginning of its operation.  The flow 

was caused by persistent convectional thunderstorms which formed with the help of 

orographic lift where moderate to heavy rainfall persisted for about six hours, from 1500 

– 2100 MST on August 9th, 2016, and produced rain over much of the watershed for the 

entire period. The flash flood started at about 18:00 (MST) at the stream gage and rose 
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over 1.68 meters (5.5 feet) in just 5 minutes.  The flood peak crested at 2.82 meters (9.26 

feet) in stage at 18:15 MST and flood flow slowly declined as the rainfall ceased, and 

flowed into the next day (Figure 2). (U.S. Geological Survey, 2016). (All figures in the 

report will be in English units because all model results are also in English units) 

 

 

Figure 2 Hydrograph of the August 9th flood on the Upper Little Sycamore Wash. 
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Indirect Measurement at Upper Little Sycamore Creek 
 

High water marks indicating the water surface slope in the reach were flagged 

eight days after the event by field staff, the survey team was deployed on August 23rd, 

2016, 14 days after the event to collect all the field data for the indirect measurement of 

discharge.  The methods described in Dalrymple and Benson (1967) were followed when 

collecting all field data at this site and the workflow can be seen in Figure 3; the plan 

view can be seen in Figure 4.  The water surface profile was surveyed using the 

previously flagged marks, and any additional evidence of high water marks that were 

found on the day of the survey.  The water surface profile exhibited two distinct breaks in 

slope (Figure 5), and this is where field scientists chose to place the middle two cross 

sections in the four cross section slope area reach to sufficiently capture the variability of 

the water surface profile in the computation.  The upper most and lower most cross 

sections were placed at the upper and lower bounds of the reach.  As described in 

Dalrymple and Benson (1967), desirable reaches are long, straight, slightly contracting, 

exhibit sub-critical flow regime throughout, and have greater than 0.15 meters (0.5 feet) 

of fall.  The upper and lower most cross sections were placed accordingly to gain the 

longest possible straight reach in the area, and limit the adverse effects of the sharp bends 

up and downstream of the bounds of the reach.  The four cross sections were surveyed 

perpendicular to flow to define the cross sectional area at each cross section in the reach 

(Figure 4, 6, and 7).  
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Figure 4 Plan view plot of the slope area reach. 
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Figure 5 High water mark profile plot captured on the day the reach was surveyed for the 

indirect measurement. 
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Figure 6 Three dimentional graphic of the streram channel and the water surface at cross 

sections X21, X15, X7, and X1. 
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Figure 7 Plan view plot of the slope-area reach including the location of cross sections 

and the location of left and right bank high water marks. 
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An extremely important assumption that needs to be made in many numerical 

flow modeling effort is to evaluate the channel roughness in the reach; the slope-area 

computation makes use of the Manning’s n roughness coefficient.  Over a century after 

the introduction of the Manning’s n, the selection of roughness coefficients in natural 

channels remains essentially an art (Dalrymple and Benson, 1967).  Experience of field 

personnel is a key factor in the proper selection of n values in a reach.  The factors which 

exert the greatest influence upon the coefficient of roughness are the character of the bed 

material, cross-section irregularities, depth of flow, vegetation, and the alignment of the 

channel (Barnes, 1965).  This coefficient is needed in many open-channel flow models 

because as water flows, energy is lost through friction along the banks and bed of the 

channel through turbulence within and the amount of energy lost is governed by the 

channel roughness, which is expressed, in this case, Manning’s n (Aldridge and Garrett, 

1973).  It is also assumed that any losses due to expansion and contraction are described 

in the model within the Manning’s n term. 

Manning’s n roughness values were estimated at the Upper Little Sycamore Wash 

using judgement by field personnel at the site during the field data collection and with 

guidance from the Aldridge and Garrett Guide to Roughness Values in Arizona.  

Judgement of field staff on the day of the survey was recorded in the field notes and 

photos (Figures 8 and 9) and values were judged to be between 0.05 and 0.065 at all cross 

sections in the reach.  And once the field staff returned to the office to reference the 

manuscript stated above, these assumptions were confirmed.  Cherry Creek near Globe, 

Arizona on page 74 of the Aldridge and Garrett manuscript shows a channel with a 

roughness coefficient of 0.06 (Figure 10).  Notice the similarities in bed composition 
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when comparing Cherry Creek to the Upper Little Sycamore Wash site.  Additionally, on 

page 72 of the manuscript, Aldridge and Garret show a stream with an n-value of 0.055-

0.06, the Shinumo Creek near Grand Canyon, Arizona (Figure 11).  This also compares 

nicely with the conditions at the Little Sycamore Wash including the bed composition, 

bank vegetation, and flood depth. For the indirect discharge measurement at the Little 

Sycamore Wash, an n-value of 0.06 was assigned for the upper section in the reach (X1), 

0.055 was assigned for the middle two cross sections in the reach (X2-X3), and 0.05 was 

assigned for the lower most cross section (X4).  Further reasoning for n-value selection at 

the Upper Little Sycamore Wash can be found in Appendix 2. 

 

       

Figure 8 Looking upstream from X2 towards X1(left), looking downstream from 

X2(right).  Notice the many angular large boulders. An n-value of 0.06 was assigned at 

X1 and an n-value of 0.055 was assigned at X2. 
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Figure 9 Looking downstream at towards X3(left) 0.055-0.05 n-values were assigned.  

And the entire channel looking upstream (right).  Notice high roughness upstream and 

less boulders downstream. 

 

 

 

Figure 10 Cherry Creek near Globe, AZ Roughness Values of 0.06. 
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Figure 11 Shinumo Creek near Grand Canyon, AZ Roughness values between 0.055 and 

0.06. 
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The peak discharge was obtained by running the slope-area computation and was 

found to be 55.22 m3/s (1,950 ft3/s).  This will be the primary point used for rating 

development to calibrate to high flows at this site and will be used as the control value for 

the analysis described below.  The measurement was rated fair by field staff due to 

uncertainties surrounding n-value selection and uncertainty surrounding high water marks 

at the gaging station.  This rating is considered to be +/- 15% of reality.  The internal 

USGS report describing the indirect measurement will be used as a guide to select many 

of the coefficients within the slope-area computation for this analysis (Appendix 2).   

 

Field Data for Analysis 
 

Additional field data were needed to be collected for the cross section positioning 

analysis to build upon the original data collected by the indirect measurement survey 

team described above.  On the first field visit, August 23rd, 2016, RTK GPS data were 

collected at the site.  These data were shot in with a Leica GS14 RTK GPS which 

provides survey grade point accuracy using a static solution calculated by the base station 

and linking the relative locations that the rover collects to the base station’s solution.    

This equipment allows the user to accurately and efficiently survey many points without 

relying on traditional line of site measurements when compared to using a total station.  

Since the site is vegetated on the banks, line of site surveying equipment would be 

difficult to use and would be much more time consuming due to the many obstructions on 

the banks.  The geometry for four cross sections were collected at pre-determined 

locations within the reach, as well as all high water marks on both the left and right bank 

using the GPS equipment.  These cross sections locations, named X21, X15, X7 and X1 
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in this analysis, previously named X1, X2, X3, and X4 in the indirect report (Appendix 

2), are located on specific break points in the water surface which can be seen in Figure 

12.  The accuracy of all points shot with the GPS equipment is highly accurate where 

survey error here can be considered to be less than one centimeter. 

 

 

Figure 12 Water surface profile in the reach. 
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A second day was spent at the site on October 6th, 2016.  On this day the entire 

channel reach was shot with a terrestrial Light Distance and Ranging (LiDAR) system.   

The equipment is a Leica MS60 Multistation which contains a precision laser scanner 

capable of capturing millions of topographic points with extreme efficiency.  This 

equipment interfaces with the RTK GPS equipment used for the first survey making all of 

the topographic points collected will all instruments to be on the same survey plane.  The 

results of the LiDAR scan can be seen in Figure 13. Survey error is possible in LiDAR 

data due to multiple ground setups being used to collect all the points in the scan.  Four 

setups were used to obtain all the points where resectioning of the scanning station was 

achieved using the RTK GPS points.  Using these methods the LiDAR scan data are 

considered to be within plus or minus three centimeters or less of reality.   
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Figure 13 (Upper) Photo from the day of the survey. (Lower) Image showing the results 

of the LiDAR scan with the same perspective as the photo above. 
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The terrestrial LiDAR scan provides over eight million survey points within the 

study reach allowing the user to hand pick an infinite amount of cross section locations in 

the reach by using the point cloud.  Having the point cloud data on the same survey plane 

allows points in the cloud to be directly compared to the RTK GPS points captured on the 

previous site visit.  In this study, where positioning of cross sections around where breaks 

in water surface slope occur is being tested, an additional 17 cross sections were 

generated using the scan data and will provide survey grade topography data comparable 

to the RTK GPS collected points, all collected via the scanner.  This combination of data 

provides 21 total cross sections that will be used in this comparison and can be seen 

below in Figure 14.  All cross section geometry points were pulled from the survey data 

within Leica Infinity software which is designed for survey data compilation and 

manipulation. 

 

 

 



43 
 
 

 

 

 

Figure 14 Photos showing the slope-area reach with all cross sections used in this 

analysis.  Above shows all the cross section points with all scan data.  Below shows just 

the 21 cross sections. 
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Analysis 
 

The Slope-Area Computation Graphical User Interface (SAC GUI) program, 

version 1.0.03, was used for all model runs in this analysis and were setup in accordance 

with the guide written within Bradley (2012).  The horizontal and vertical survey datum 

is arbitrary and was generated by using a user chosen grid on the day of the surveys; the 

grid that was established is in units of feet.  All 4 cross section model iterations include 

X1 and X21 as the lower and upper bounds of the reach respectively.  And the most 

critical factor in this experiment is to use the same water surface slope for every model 

run.  To do this, high water marks were used at the cross sections where the breaks in 

water surface slope occur, and at the upper and lower bounds of the reach.  This will 

generate the best representation of the water surface during the peak for the analysis, and 

the SAC program will use this information to generate the water surface profile at each of 

the additional cross sections in the analysis.  Stationing, or the distance between all cross 

sections is generated using the SAC GUI.  This ensures the distance between cross 

sections and the fall or water surface slope between cross sections remains constant for 

all model runs.  Figure 5 shows the water surface slope using the breaks at cross sections 

X7 and X15 as well as the upper and lower bounds of the reach.  Figure 12 shows the 

additional cross sections that will be used for this analysis with the water surface profile 

that will remain constant in all model runs overlaid.  

Manning’s n roughness coefficients were held constant throughout all model runs.  

When referencing the internal USGS report in appendix 2, an n-value of 0.05 was used 

for cross section X1, and 0.06 was used for cross section X21.  The middle two cross 
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sections in the indirect reach, named X7 and X15 in this analysis, were both judged to be 

0.055.  Therefore, all the additional cross sections used in this analysis generated from 

the LiDAR point cloud that surround X7 and X15 are judged to be 0.055, and are named 

X2-X20. 

Cross sections X2-X20 are spaced as seen in Figure 12 and 14, and were chosen 

to test the sensitivity of their locations in results of computed discharge in accordance 

with the established water surface profile as seen in Figure 5.  Cross sections X1 and X21 

were held constant in the analysis as the lower and upper bounds of the reach 

respectively.  To test the sensitivity of a four cross section slope-area computation, every 

combination of cross sections X2-X20 were used with X1 and X21 as constants to 

generate values of peak discharge for the test.  Locations were chosen to simulate the 

potential locations that a field surveyor could choose when conducting a survey for an 

indirect computation.  This analysis, when setup with these 21 cross sections, provides 

361 model runs with 2,166 combinations of discharge estimates between cross sections.  

Work flow procedures for this processing can be found in Figure 15. 
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Results 
 

After all model iterations, a population distribution was generated to evaluate the 

range of computed values using all the combinations of cross sections in the analysis.  

The results of this can be seen in Figure 16.  The data are normally distributed around a 

geometric mean of 53.12 m3/s (1,876 ft3/s) with a median of 52.78 m3/s (1,864 ft3/s).  

These values are well within +/- 15% accuracy threshold determined by the indirect 

report, but are both lower than the published value of 55.22 m3/s (1,950 ft3/s).  Outliers 

were removed from this figure by removing the upper and lower 10% of values within 

the range.  These outliers can be attributed to extremely poor model performance.  Within 

the slope-area computation, model performance increases by choosing cross sections far 

enough apart to have 0.15 meters (0.5 feet) of fall between the two sections.  When 

sections are exceptionally close, inadequate fall results, and causes skewed values within 

the computation.  Since every combination of cross sections in the reach were run in this 

analysis, some cross sections were extremely close to each other, some less than 3 meters 

(10 feet), which is mainly where the outlier values were generated.  Additionally, when a 

surveyor was in the field deciding on where to place sections for a true measurement, 

sections would obviously be spaced a reasonable distance apart, and not chosen as close 

together. 
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Figure 16 Population distribution of model runs using all combinations of cross sections 

in the slope-area reach.  Outliers of +/- 10% were removed. 
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Another comparison was made between the distance from the changes in slope 

and the precision of the model results.  Within each model run are six combinations of 

estimates of discharge created by all the possible two section combinations in the four 

section slope-area reach.  It is a common assumption that the different conveyance values 

within a model run are unlikely to be exactly the same however, confidence is gained 

when the conveyance values compare more closely.  “The consistency of results from 

separate sub-reaches is some indication of the reliability of the answer” (Dalrymple and 

Benson, 1968). To do this analysis, the standard deviation of all conveyance values in a 

model run were calculated, then the coefficient of variation was calculated by dividing 

the average conveyance value for the model run and multiplying it by 100 to get a 

percent.  This provides a measure of spread between all the conveyance values and 

describes the degree of variation in each data set.  This was dependently compared to the 

slope angle factor which was calculated by adding the upstream and downstream slopes 

at each cross section.  This creates higher slope values when cross sections are placed 

closer to the breaks in water surface slope.  The results were found to have little to no 

dependency and showed an R2 value of 0.0489 (Figure 17) showing that the distance 

from the breaks in water surface slope provided no clear relation to the precision found in 

all the discharge combinations in the computation. 
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Figure 17 Relation between slope-factor and model result precision. 
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Next, combinations from the three groups of water surface slopes were tested.  As 

seen in Figure 5 and 12, a group of cross sections exhibiting similar fall can be seen from 

X2 to X7 which represents the water surface slope of the lower section.  The middle 

section which represents the steeper water profile from cross sections X7 to X15.  And 

the upstream group which shows the trend developed using the upper sections from X15 

to X20.  Figure 18 shows what grouping the lower, middle, and upper sections together 

does to the water surface profile in the overall reach.  When using either the upper or 

lower group only one can clearly see how the variation in the water surface profile is 

smoothed which is assumed to lower confidence in computing the true value of discharge 

because the variability in the center section of the reach is ignored.   
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Figure 18 Difference water surface profiles calculated throughout the reach by using 

cross sections from the three distinct groups of water surface slopes. 
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After all model runs were computed using the grouping method as described 

above, in combination with the water surface profiles seen in Figure 12, a population 

distribution was formulated using these results.  The distributions of the three groups can 

be found in Figure 19 while using Figure 18 as a reference showing the distribution of all 

values in the computation without grouping. The average value when using sections from 

the low, middle, and high grouping were 51.33 cubic meters per second (1,813 cubic feet 

per second), 51.36 cubic meters per second (1,814 cubic feet per second), and 52.87cubic 

meters per second (1,867 cubic feet per second), respectively compared to the average 

value of all the model runs of 53.12 cubic meters per second (1,876 cubic feet per 

second).  Again all of these values fall within the +/- 15% confidence interval stated in 

the indirect report but are all consistently lower than the reported discharge of 55.22 m3/s 

(1,950 ft3/s). 
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Figure 19 Frequency distribution of model runs by grouping cross sections above and 

below the breaks in water surface slope and using the water surface profiles in Figure 14. 
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would thus still be captured.  It is not absolutely critical to located sections exactly on the 

breaks in water surface slope.  

 

 

 

Figure 20 Combinations of cross sections surrounding breaks in water surface profile that 

produce results within 5% of the published peak value of 1,950 cubic feet per second. 
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Discussion 
 

With the inherent uncertainties associated with the slope-area method described 

above, it is reassuring to know that when this analysis was conducted, many different 

combinations of cross sections with slight variation in location produced similar results 

compared to the traditional methodology.  This adds confidence to all measurements 

published using the slope-area method and confirms that cross section positioning is 

important, but exact placement does not have to be attained on the breaks to get a reliable 

measurement.  However, one thing to be noted is that when many cross sections are used 

in the reach surrounding the breaks in slope as demonstrated here, the average and 

median outcome of all the model results is considerably lower discharge compared to the 

traditional methodology of having cross sections at every break in water surface slope as 

published in the USGS indirect report (Appendix 2).  The average value computed using 

all combinations of cross sections is 53.12 cubic meters per second (1,876 cubic feet per 

second), almost 10% lower than the control value of 55.22 cubic meters per second 

(1,950 cubic feet per second). The cause of this is most likely unrelated to positioning 

relative to breaks in slope but is influenced by changes in cross sectional area 

surrounding the cross sections used in the original computation.   

As described above, cross sectional area is an intricate part of conducting a slope-

area computation and changes in cross sectional area between cross sections can cause 

uncertainties in model runs, especially when cross sectional areas expand and contact 

rapidly.  Figure 21 shows this variability in cross sectional area throughout the reach 

compared to the variability captured using the traditional locating methods.  When 
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choosing cross sections using the traditional methods at the breaks in water surface slope, 

X1, X7, X15, and X21, this combination happens to produce a consistent contraction in 

the reach.  This causes the computation to assume no energy losses from expansion in 

cross sectional area and thus will produce a computation of discharge with no losses and 

will naturally be higher compared to iterations with expansion losses taken into account.  

This can be seen in the model results in the expansion loss metrics in Appendix 3.  

However, in reality, some losses from expansion are present in the reach as seen in the 

changes in cross sectional area in Figure 21.  By using the many combinations of cross 

sections in this analysis causes those energy losses from expansion to be taken into 

account, thus producing a lower average computation of discharge. 
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Figure 21 Cross sectional area of each cross section in the reach. 
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The product of these energy losses due to expansion can be seen in the nine model 

runs which produce very high precision when comparing the conveyance values 

calculated between each cross section in the model run and are lower than the control 

value of 55.22 m3/s (1,950 ft3/s).  These model results and properties can be found in 

Appendix 3.  Precision in model results between each cross section are thought to 

increase the confidence in the calculation, especially when the results between each 

combination are as close as seen here.  It is unknown whether these results are a better 

true value of discharged compared to the published result but need to be noted as 

providing very sounds results in this analysis and take into consideration the potential for 

energy losses to be caused by expansion.  And this method helps evaluate the variability 

in model performance in a slope-area reach. 

Conclusion  
 

 The main reason for conducting this research is to determine the best field 

methods for determining cross section locations in a reach when conducting slope-area 

computations.  This analysis proves that cross section placement, using the traditional 

methodology by placing sections at breaks in water surface slope, is a good way to get an 

adequate computation of discharge in a reach proven by 121 combinations of model 

results using surrounding cross sections are within 5% of the published value.  Water 

surface profiles between cross sections are mainly uniform and changes are linear when 

using this method.  And in this case, the reach was an excellent candidate to be 

conducting these computations because the reach was straight, had adequate fall, and 
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contained quality high water marks to be surveyed.  Model performance was considered 

good using this methodology and is highly defensible. 

 The interesting questions spawned by this research are the uncertainties in the 

expansion and contractions happening at multiple locations in the reach as seen in Figure 

21.  It just so happened that the cross sections as the breaks in slope consistently 

contracted throughout the four section slope-area reach, and were large in cross sectional 

area, which provided a very sound computation as described above, but produced a 

discharge higher than many other combinations.  Using this method of locating cross 

sections at the breaks in slope, in this case, ignores potential energy losses due to the 

expansion and contraction that was found by running this analysis using many 

combinations of cross sections in the reach.  By comparing all the potential model runs 

using all 21 cross sections clearly showed that energy losses could have been occurring 

by producing an average and median discharge values less that the control value.  

Questions remain as to the control value of 55.22 m3/s (1,950 ft3/s) being the best, when 

many other values fall 10-20 percent less than the control value.  This spawns the 

question that within a slope-area reach, where losses due to expansion and contraction 

can either be avoided, as in the control value, or purposefully captured, as in this analysis, 

where should cross sections be located to produce the best value?  Additional research 

can be done using data collected for this study by using larger combinations of cross 

sections in the model and using the many more combinations available by not retaining 

X1 and X21 in each iteration. 
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 This work, I believe, proves that expansions and contractions should be 

considered when selecting where to place cross sections in the reach.  When purposefully 

selecting sections in expansions, model performance within the SAC program will appear 

poorer compared to when sections are selected to avoid these expansions.  However, with 

many iterations available, as presented in this research, overall confidence is gained when 

common results are repeatedly generated with many different combinations of cross 

sections.  In this case, I believe the published value of 55.22 m3/s (1,950 ft3/s) (Appendix 

2) is high, and energy losses from expansion were unknowingly avoided.  I believe that 

when future indirect measurements as conducted this site, that more cross sections should 

be surveyed and multiple iterations be compared to decide on a final discharge.    

 Future work needs to be conducted at high gradient sites with these conditions to 

determine whether or not to include or exclude expansions in all reaches.  This can be 

done at sites where direct measurements can be conducted during peaks to then later 

verify modeled results.  Additionally, this can also be done in reaches where velocity in 

cross sections can be measured so that numerical models can be further calibrated.  

Velocity measuring techniques are a new technology and are actively being tested in 

Arizona.  These methods include non-contact radar velocity sensors and video particle 

tracking deployments.  Using these data, and calibrating peak flow estimates using the 

slope-area computation, will help guide scientists to the best locations to locate cross 

sections in these types of one dimensional flow models.  Additionally, in reaches with 

complex hydraulics like this one, the application of two dimensional flow modeling may 

provide a more sound solution.  Two dimensional models can more effectively account 

for additional energy losses due to phenomena other than bank friction.  In channels like 
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the Upper Little Sycamore Wash, with many areas of expansion and contraction, two 

dimensional solutions may provide better results.  Future research will be needed to 

answer these questions. 
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Appendix 1 
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Appendix 2 

 



66 
 
 



67 
 
 



68 
 
 



69 
 
 



70 
 
 



71 
 
 



72 
 
 



73 
 
 



74 
 
 



75 
 
 



76 
 
 

 

 

 

 



77 
 
 

Appendix 3 

 

Appendix three shows the combinations of cross sections which produce highly precise 

combinations of conveyance values between discharge estimates compared to the control 

value.  These combinations also exhibit excellent model performance.  The blue values 

are the control values, and the tan values are many combinations which produce precise 

values when comparing all the combinations within each model iteration.  Error flags can 

be referenced in Bradley (2012). 

 

 

X1,X7,X15,X21 Fall (ft)

Length 

(ft) Q (CFS)

Spread 

(%) HF(ft) CX RC RX Errors

Distance From 

Breakpoints 

(X15,X7) n

Area 

(ft^2)

Top 

Width 

(ft)

Wetted 

Perimeter 

(ft)

Hydraulic 

Radius(ft)

Conveyance 

x0.001 (cfs)

Velocity 

(ft/s)

Froude 

Number

X21-X15 2.51 150 2,118 0 2.346 1 0.07 0 # 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X15-X7 2.58 93 2,203 0 2.129 1 0.212 0 #@ 0 0.055 255 68 70 3.66 16.387 7.7 0.7

X7-X1 2.77 179 1,700 0 2.668 1 0.038 0 # 0 0.055 216 64 66 3.27 12.922 9.1 0.87

X21-X7 5.09 243 2,160 0 4.486 1 0.135 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X15-X1 5.35 272 1,895 0 4.89 1 0.094 0 #

X21-X1 7.88 422 1,958 0 7.228 1 0.087 0

X21-X16 2.32 138 1,748 0 1.891 1 0.227 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X16-X3 3.8 169 1,762 0 3.441 1 0.104 0 # 12 0.055 214 65 67 3.2 12.581 8.2 0.8

X3-X1 1.76 114 1,740 8 1.897 0.96 0 -0.144 # -64 0.055 185 46 49 3.78 12.148 9.5 0.83

X21-X3 6.12 307 1,756 0 5.33 1 0.148 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X16-X1 5.56 284 1,755 2 5.343 0.987 0.067 -0.052

X21-X1 7.88 422 1,753 1 7.232 0.991 0.109 -0.038

X21-X10 4.08 205 1,822 0 3.392 1 0.203 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X10-X4 1.88 91 1,807 2 1.932 0.986 0 -0.054 # 55 0.055 196 61 63 3.12 11.311 9.2 0.91

X4-X1 1.93 126 1,792 0 1.946 0.996 0 -0.016 # -53 0.055 204 51 53 3.85 13.573 8.9 0.78

X21-X4 5.96 296 1,818 0 5.329 0.996 0.128 -0.02 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X10-X1 3.81 216 1,794 1 3.878 0.991 0 -0.035 #@

X21-X1 7.89 422 1,809 0 7.281 0.996 0.093 -0.019

X21-X8 4.7 227 1,782 0 3.889 1 0.208 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X8-X5 1.06 56 1,785 17 1.233 0.915 0 -0.271 #@ -77 0.055 185 60 62 3 10.425 9.6 0.96

X5-X1 2.13 138 1,772 0 2.073 1 0.028 0 # -40 0.055 212 54 56 3.77 13.907 8.4 0.75

X21-X5 5.76 283 1,782 3 5.121 0.985 0.158 -0.067 #@ 0.05 206 52 54 3.83 15.028 8.5 0.75

X8-X1 3.19 195 1,776 5 3.304 0.973 0.017 -0.104 #@

X21-X1 7.89 422 1,779 2 7.195 0.989 0.12 -0.048

X21-X16 2.3 138 1,729 0 1.88 1 0.223 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X16-X4 3.6 158 1,938 0 3.492 1 0.031 0 # 12 0.055 213 65 67 3.19 12.503 8.6 0.84

X4-X1 1.93 126 1,788 0 1.946 0.996 0 -0.017 # -53 0.055 204 51 53 3.85 13.573 8.9 0.78

X21-X4 5.9 296 1,848 0 5.322 1 0.109 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X16-X1 5.53 284 1,881 0 5.446 0.998 0.019 -0.007

X21-X1 7.87 422 1,832 0 7.278 0.999 0.078 -0.005

X21-X16 2.33 138 1,733 0 1.895 1 0.229 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X16-X11 1.41 56 1,750 0 1.21 1 0.166 0 # 12 0.055 213 65 67 3.19 12.503 8.6 0.84

X11-X1 4.13 227 1,785 1 4.2 0.991 0 -0.034 #@ 49 0.055 194 59 60 3.24 11.518 9.1 0.88

X21-X11 3.75 194 1,740 0 3.104 1 0.205 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X16-X1 5.54 284 1,776 1 5.404 0.994 0.038 -0.026

X21-X1 7.87 422 1,763 0 7.286 0.996 0.09 -0.019

X21-X18 1.78 107 1828 0 1.441 1 0.235 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X18-X12 1.65 77 1881 0 1.543 1 0.07 0 # 44 0.055 226 64 65 3.47 14.058 8.2 0.77

X12-X1 4.41 238 1861 0 4.311 1 0.023 0 # 59 0.055 216 67 68 3.17 12.618 8.6 0.84

X21-X12 3.43 184 1853 0 2.978 1 0.152 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X18-X1 6.06 315 1867 0 5.855 1 0.035 0

X21-X1 7.87 422 1858 0 7.287 1 0.076 0

X21-X19 1.59 95 1895 0 1.264 1 0.257 0 # 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X19-X12 1.84 89 1915 0 1.689 1 0.09 0 # 28 0.055 231 58 60 3.84 15.318 8.2 0.72

X12-X1 4.41 238 1961 0 4.311 1 0.023 0 # 59 0.055 216 67 68 3.17 12.618 8.6 0.84

X21-X12 3.43 184 1906 0 2.952 1 0.162 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X19-X1 6.25 327 1877 0 6.004 1 0.041 0

X21-X1 7.87 422 1880 0 7.273 1 0.078 0

X21-X16 2.31 138 1,745 0 1.883 1 0.227 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X16-X10 1.75 67 1,799 0 1.536 1 0.14 0 # 12 0.055 213 65 67 3.19 12.503 8.6 0.84

X10-X1 3.93 216 1,744 1 3.889 0.992 0 -0.03 #@ 38 0.055 196 61 63 3.12 11.311 9.2 0.91

X21-X10 4.06 205 1,768 0 3.415 1 0.189 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X16-X1 5.58 284 1,761 1 5.435 0.995 0.038 -0.022

X21-X1 7.89 422 1,756 0 7.313 0.996 0.087 -0.016

X21-X17 2.07 123 1,797 0 1.696 1 0.221 0 #@ 0 0.06 279 66 68 4.09 17.715 6.3 0.54

X17-X3 4 184 1,781 0 3.566 1 0.122 0 # 27 0.055 220 63 65 3.4 13.493 8.1 0.76

X3-X1 1.76 114 1,740 8 1.899 0.96 0 -0.146 # -64 0.055 185 46 49 3.78 12.148 9.5 0.83

X21-X3 6.07 307 1,786 0 5.264 1 0.153 0 #@ 0 0.05 206 52 54 3.83 15.028 8.5 0.75

X17-X1 5.76 298 1,768 2 5.476 0.987 0.078 -0.052

X21-X1 7.87 422 1,775 1 7.187 0.991 0.111 -0.04
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