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The global positioning system (GPS) has come into widespread use for 

many forestry applications. However, there is still some uncertainty as to how 

receivers perform in dense forest, where trees interfere with the GPS signal and 

increase error. These two manuscripts examine GPS accuracy and overall 

effectiveness within second growth Douglas-fir forest across variable terrain and 

stand densities. This research was specifically concerned with how GPS filters 

(settings) affect accuracies and wait times. Two settings were examined: 

maximum (PDOP 20, SNR 33, and minimum elevation 5 degrees) and default 

(PDOP 6, SNR 39, and minimum elevation 15 degrees). The first maximizes 

productivity with a corresponding loss in accuracy. To examine accuracy we 

surveyed six 0.4-hectare test courses and compared GPS measurements to 

surveyed measurements. 



The first manuscript (chapter 2) examines the ability of mapping-grade 

GPS receivers to locate a horizontal position. It was found that the number of 

averaged positions (recording interval), weather, basal area, and satellite 

geometry or dilution of precision (DOP) significantly influenced GPS accuracy, 

while terrain and receiver settings did not. Average errors were 2.9 m and 

horizontal accuracy at the 95% confidence level was 6.8 m when using maximum 

settings and averaging 30 positions. These results suggest that mapping-grade 

GPS receivers are acceptable for many forestry applications under canopy, but 

not for high order surveying work. 

The second manuscript (chapter 3) quantifies area and perimeter errors, 

traverse times, and overall time and cost effectiveness for area measurement. It 

was determined that averaging 30 positions and using maximum settings was the 

most time effective combination of recording interval and settings. This 

combination of recording interval and settings proved slightly more cost effective 

than other traditional surveying methods such as a laser and digital compass. 

Average absolute percent area errors when averaging 30 positions and using 

maximum settings were 2.6%. Average absolute percent perimeter errors were 

2.0%.  
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CHAPTER 1: INTRODUCTION TO THE GLOBAL POSITIONING SYSTEM 

INTRODUCTION 

Global Positioning System (GPS) receivers have, in recent years, become 

ubiquitous in the field of natural resources. Over 130 uses have been cited 

(Kruczynski and Jasumback 1993, as cited in (Deckert and Bolstad 1996)). 

Applications include mapping research plot centers, locating plant populations, 

tracking animal populations, mapping roads, mapping timber sale perimeters, 

and estimating area. There has been extensive testing of GPS receivers in the 

open, and little doubt remains regarding their ability to perform even high order 

surveying work. However, there is still a certain degree of mistrust with regard to 

functionality and accuracy of GPS receivers under dense forest canopy especially 

where terrain is rugged. The Oregon coast range provides an example of this. In 

the past, GPS receivers often have met with poor results as terrain and dense 

forest obstruct receivers from satellite signals (personal observation). While GPS 

receiver errors can be as small as 1 cm in the open, accuracies under canopy are 

seldom as good due to the inability of most receivers to sustain satellite 

communication and address multipath error. Due to these circumstances, users 

often set GPS data collection settings to be excessively strict in terms of the 

minimum acceptable quality of satellite signals and use lengthy recording 

intervals, which may result in extra time spent acquiring GPS positions with a 

relatively small increase in accuracy. In cases where government agencies, such 

as the Bureau of Land Management (BLM), have started using GPS receivers, they 
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have been hesitant to loosen data collection quality settings for fear of obtaining 

inaccurate results.  

 The matter of what GPS receiver settings are sufficient is an important 

question, because with less stringent settings crews can work more efficiently, 

saving time and money. On the other hand, if settings are not stringent enough, 

area and perimeter estimates may be unacceptable and receivers may 

erroneously map point locations. By examining GPS receiver settings, GPS users 

can maximize productivity and still obtain adequate estimates of point locations, 

area, and perimeter.  

BACKGROUND 

GPS receivers rely on a network of satellites, which orbit the earth at 

approximately 20,000 km above the earth’s surface. These satellites, which are 

operated by the Department of Defense, transmit to the receivers a series of three 

different codes on three different L-band (ultra-high) frequencies. The first of 

these, the navigation code transmits information pertaining to the satellite’s 

location, clock, and health. The other two codes are coarse acquisition (C/A) code 

and precise (P) code. These different codes carry information to the receiver to 

help calculate its position. The P code is broadcasted ten times faster than the 

C/A code and is available on both the L1 (1575.42 MHz) and L2 (1227.60 MHz) 

frequencies, while C/A code is only available on the L1 frequency (Van Sickle 
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2008). The ability to utilize both frequencies (L1 and L2) can be instrumental in 

estimating signal delay during travel through the atmosphere.  

The satellites and receivers are equipped with precise clocks. Knowing 

that electromagnetic signals travel at a rate of 299,792.5 km/s in a vacuum 

(Kennedy 2010), GPS software can calculate ranges or the distance travelled from 

the satellite to the receiver. With a minimum of four satellites, through a process 

known as trilateration, software can determine where these ranges overlap on 

the earth in order to estimate latitude, longitude, and elevation.    

In order to better comprehend how and why GPS receiver accuracy and 

productivity are degraded in certain environments it is necessary to give some 

background regarding sources of GPS receiver error, how technology minimizes 

these errors, and the three commonly recognized grades of GPS receivers. The 

following three sections 1) introduce the major sources of GPS error, 2) 

summarize the three general grades of GPS receivers, which vary in their 

capability to minimize errors, and 3) discuss the technologies used to minimize 

the errors.  

GPS ERROR SOURCES 

Van Sickle (2008) cites five factors that contribute to GPS errors. These 

are 1) clock errors, 2) orbital errors 3) atmospheric interference, which divides 

further into ionospheric effect and tropospheric effect, 4) receiver noise, and 5) 

multipath error. While errors associated with the first two of these can be high, 
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they are generally corrected through the navigation code, which provides clock 

corrections and the ephemeris, which contains a record of satellite locations. 

However, atmospheric interference, receiver noise, and especially multipath 

error in a forested environment still have potential to influence GPS accuracy. 

Most mapping- and survey-grade GPS receivers are capable of mitigating these 

three factors by using more stringent satellite signal quality settings and longer 

data collection periods. The following discussion on GPS error borrows heavily 

from Van Sickle (2008) chapter 2.  

Error Budget 

Each error source contributes a certain quantity of error to a position 

estimate. This is known as the error budget. Wolf and Ghilani (2002) propose the 

following potential horizontal errors for each major error source (Table 1.1). 

While the potential for errors of over 20 meters exist, many GPS receivers are 

equipped with technology that significantly reduces these errors. The actual 

error of a GPS receiver will depend on the error introduced by the atmosphere, 

multipath, receiver noise, and clock and satellite errors. 

Table 1.1. GPS Error sources and amounts (m) (Wolf and Ghilani 2002). 

 

Error Source Error

Satellite Clock Error 0.0- 3.0 m

Satellite Peturbations 0.0- 1.0 m

Ephemeris Error 1.0- 5.0 m

Ionospheric Refraction 0.0-10.0 m

Tropospheric Refraction 0.0- 2.0 m

Receiver Noise 0.0- 4.8 m

Other (Multipath etc) 0-0- 0.5 m
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Ionospheric Refraction 

The ionosphere extends from 50 to 1000 km above the earth’s surface. As 

the GPS signal travels through the ionosphere from satellite to receiver, it is 

subject to delays that are a function of the ionosphere’s electron content. Delay 

varies throughout the day; generally, it is minimized in the early morning hours, 

and most influential in the afternoon. Effects are also generally greater in 

November and May, when the earth is closest to the sun, than in July when it is 

farthest from the sun (Van Sickle 2008). The magnitude of ionospheric effect is 

highly influenced by solar flares (Afraimovich 2001), which increases total 

electron content. Sunspot activity varies approximately every eleven years. Since 

1999 contained the most recent period of high activity (Wolf and Ghilani 2002), 

we would have expected 2010 have high solar activity However, 2010 occurred 

on the rising limb of a low activity cycle, so sunspot activity was low relative to 

most years.   

Tropospheric Refraction 

The troposphere, as defined by much of the GPS literature, includes the 

atmosphere up to 50 km from the surface of the earth (Van Sickle 2008). 

Refraction in the troposphere is due to a dry component and a wet component, 

which are modeled differently. Approximately 80 to 90% of the tropospheric 

error is closely related to the dry component (Van Sickle 2008). Although the dry 
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component delay comprises most of the error, it is easier to model than the wet 

component.  

Several studies have examined how moisture affects GPS signals and 

accuracy. A simulated study in Japan found that increasing moisture in wood and 

needles attenuated signal to noise ratio (a measure of signal strength) by half 

(Sawaguchi 2009). Attenuated signal strength will presumably either result in 

longer wait times if filters are in place or decreased accuracy. Pirti (2006) found 

measurement errors in November, when vegetation was wet, were much higher 

than in May when vegetation was dry and also argued that signal strength 

attenuated due to moisture content.  

Receiver Noise 

Receiver noise can come in multiple forms including natural 

electromagnetic radiation, which may come from the sky and the earth. The sky 

noise can come in the form of the sun or from the atmosphere where 

temperature and water vapor both can contribute to noise. In addition noise can 

come from the receiver antenna and cable (Langley 1997).  

Multipath Error 

When a signal encounters an object along its path from a satellite to a GPS 

receiver, multipath error is introduced. In other words the signal follows multiple 

paths along the way to the receiver leading to signal delays and a weaker signal 
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(Townsend and Fenton 1994). In a forested setting, multipath error can be 

extremely significant, as tree foliage, branches, and trunks may interfere with the 

signal. In addition, moisture can increase multipath error (Jasumback 1996 as 

cited in Sigrist, 1999). Previous articles have used an array of measures to 

estimate how errors will increase as a function of tree cover. These include basal 

area, canopy cover, and tree height. Naesset (2001) examined basal area and tree 

height as predictors of horizontal error, and concluded the variables were 

intercorrelated and that basal area (R=0.227) proved to be a better predictor 

than tree height (R=0.190). 

A second influence on multipath error is the terrain. Different studies have 

examined this by quantifying slope or slope position. Ultimately, all of these 

measures of interference from trees and terrain are proxies for obstructed sky 

and can potentially misdirect the satellite signal. Deckert and Bolstad (1996) 

found that both canopy and terrain significantly affected GPS errors. They 

measured terrain in terms of the angle between the horizontal and the horizon at 

each site. Horizon angles averaged 2 degrees above the horizontal on ridges, 20 

degrees on slope sites, and 19 degrees for valley sites. While obstruction from 

terrain was statistically significant, it explained only a small amount of the site 

variability (R2 = 0.008) compared to canopy (R2 = 0.106). Danskin et al. (2009a) 

showed that average RMSE (Root Mean Square Error) increased as one moved 

from upper positions on the slope to lower positions. However, forest type varied 



8 

 

 

with slope position and understory cover also increased at the lower slope 

positions.  

The technological capability of the GPS receiver greatly influences its 

ability to mitigate the errors mentioned here. Accuracy is highly dependent on 

software which uses complex “algorithms that recognize and reduce multipath 

and ionospheric delay" (Danskin 2009b, p 110). This technological capability 

depends largely on the grade and manufacturer of the receiver. 

TYPES OF GPS RECEIVERS 

Natural resource managers, generally use three grades of GPS receivers. 

These are consumer-, mapping-, and survey-grade receivers. Consumer-grade 

receivers generally range in cost from $100 and $500 (Wing and Kellogg 2004). 

Mean horizontal errors range between 5.3 and 13.0 m in a closed canopy 

environment depending on receiver model and recording interval (the number of 

position fixes) (Wing et al. 2005). Mapping-grade receivers, on the other hand, 

generally range from $2,000 to $12,000 (Wing and Kellogg 2004). However, the 

increased cost equates to software that is more powerful, better hardware, and 

higher accuracy. Mapping-grade GPS errors using only C/A code can be as low as 

0.4 m in open sky and 2.2 m in closed canopy Douglas-fir forests (Wing 2008b) or 

as low as 0.2 m in the open using carrier phase (Wing and Frank 2011). Survey-

grade GPS receivers are the most expensive receivers commonly costing over 
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$10,000 and can be highly accurate, with potential horizontal errors of less than 

1 cm in open sky conditions (Wing and Kellogg 2004).  

All three grades of GPS receivers may be suitable for forestry work. 

However, the choice of receiver depends on its use. For applications that require 

low accuracy, consumer-grade receivers often are sufficient. However, consumer-

grade receivers are inferior to mapping- and survey-grade receivers in large part 

because they do not allow 1) position filtering and 2) differential correction. 

Mapping- and survey-grade GPS receivers on the other hand have the ability to 

employ differential correction. Differential corrections involve using base 

(reference) stations set at known locations in the open. The base station is 

capable of discerning the approximate influence of the atmosphere for each time 

dependent observation. Since both receivers track the same signals, differential 

correction software applies a differenced correction to a receiver at an unknown 

location to improve accuracy. Survey-grade receivers are generally distinguished 

from mapping-grade receivers in their ability to utilize the carrier phase, while 

most mapping-grade receivers can only utilize the C/A code. In addition, the 

physical components and software associated with survey-grade receivers is 

typically superior to that of other receiver grades. 
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MINIMIZING GPS ERRORS 

GPS Filters 

One difference between consumer- and other receiver grades is that 

mapping- and survey-grade receivers are capable of filtering positions in order to 

reduce error. In other words, certain conditions must be met before mapping- 

and survey-grade receivers will record a position. Three settings are of primary 

importance and can be altered to balance productivity and accuracy. The first of 

these is minimum satellite elevation, which is an angular measure of how far the 

satellite is from the horizon. The second setting is signal to noise ratio (SNR), 

which compares the level of the satellite signal to the amount of electromagnetic 

interference. Finally, position dilution of precision (PDOP) is a measure of 

satellite geometry. If satellites are spread out across the sky, they have better 

geometry and the ability of the receiver to estimate its location will be better than 

if satellites are clustered. As PDOPs increase GPS accuracies would probably 

deteriorate. There is some debate as to what PDOP is acceptable for most 

applications. Kennedy (2010) suggests that any PDOP over eight is unacceptable, 

while any PDOP under four is acceptable for precise positioning. Until recently, a 

PDOP of six was the default setting for Trimble GPS receivers (Trimble 2009a) 

and commonly accepted for most applications. However, recent 

recommendations suggest that a PDOP of 20 may be suitable for most 

applications (Trimble 2009b). 
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Number of Averaged Positions (Recording Interval) 

In much of the literature, the number of averaged positions is synonymous 

with recording interval. Throughout this document, we use these terms 

interchangeably, where a recording interval of 60 represents 60 averaged 

positions. Under ideal circumstances, it would only take 60 seconds to collect 60 

position estimates. However, due to environmental conditions it often takes 

longer than 60 seconds to collect 60 position fixes. When referring the amount of 

time to collect a certain number of fixes we use the terms wait time or elapsed 

time. 

Mapping-, survey- and some consumer-grade receivers are capable of 

averaging multiple positions. In a Douglas-fir forested setting, a United States 

Forest Service paper recommends averaging 60 positions with a PDOP of 7.0 and 

an SNR of 2.5 (Chamberlain 2002). However, research varies in supporting 

whether the number of position fixes makes a significant difference. In a closed 

canopy forest in western Oregon, Wing et al. (2008) found no significant 

difference between points collected at the 30-second interval and the 60-second 

interval, but did find significant differences between 1- and 30-second intervals. 

Deckert and Bolstad (1996) found that as recording interval increased from 60 to 

300 position fixes mean errors decreased from 6.6 to 4.4 m. Bolstad et al. (2005) 

used several different receiver configurations. They found no significant 

differences in recording interval (1, 10, 50, 100, 200, and 300) for all pooled data, 
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but did find that depending on the receiver differences were sometimes present. 

Furthermore, variability in error decreased significantly as the number of 

position fixes increased for select receivers.  

Mitigating Atmospheric Error 

GPS receivers utilize three methods to eliminate atmospheric refraction 

errors. These are atmospheric modeling, using multiple frequencies, and 

differential correction. Atmospheric models are adept at eliminating errors at 

high elevation angles (Van Sickle 2008). The GPS signal that originates close to 

the horizon, however, travels a greater distance through the ionosphere and the 

troposphere introducing more interference than a signal that originates near the 

zenith (Van Sickle 2008). For this reason, manufacturers generally recommended 

using satellites that are located a minimum of 15 degrees above the horizon.  

A second method for minimizing atmospheric errors utilizes the frequency 

of different carrier wavelengths. While the C/A code operates using only one 

frequency (L1) carrier phase uses two common frequencies (L1 and L2). The 

ionosphere delays higher frequency waves less than low frequency waves. As a 

result, the L1 (1575.42MHz) carrier signal is not affected as much as the L2 

(1227.60 MHz) carrier signal, and when using a dual frequency receiver, the 

separation between the frequencies is great enough to estimate ionospheric 

delay (Van Sickle 2008). Without a doubt, carrier phase observations improve 

GPS observations over C/A code in the open. However, when terrain or trees 
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obstruct the signal under canopy, there is high probability that the carrier phase 

will produce cycle slips leading to greater errors (Van Sickle 2008). As such, 

under canopy it is often preferable to use C/A code rather than carrier phase. A 

recent study in Douglas-fir forest confirmed this. Results showed average 

horizontal errors of 2.57 and 2.70 m for code differentially corrected points and 

2.94 and 3.46 m when both code and carrier signals (when available) were used 

(Edson In press). However, a maximum of 60 positions were averaged for each 

error estimate leaving the question open as to whether carrier phase would be 

superior to code with longer observation times. 

Finally, differential correction is employed to reduce the remainder of 

atmospheric error. The National Geodetic Survey operates numerous CORS 

(Continuously Operating Reference Stations) throughout the United States 

(National Geodetic Survey 2010a). CORS use survey-grade GPS receivers at 

known locations that are continuously collecting GPS points and comparing 

known coordinates to the time dependent estimated coordinates. The calculated 

differences are then applied as a correction factor to GPS receivers that are 

collecting measurements at an unknown location.  

Differential correction generally increases point accuracy. Wing et al. 

(2008) found that horizontal errors decreased significantly from 2.2 to 1.7 m 

after differential correction. Research conducted recently confirmed that 

differential correction improved results (Wing and Frank 2011). However, 
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Bolstad et al. (2005) found no significant difference in accuracies between 

unprocessed and post-processed measurements, and concluded that errors were 

not due to atmospheric interference but to other factors, such as the receiver’s 

inability to eliminate multipath error.  

Several studies have observed an increase in accuracy with closer receiver 

proximity to the base station (Deckert and Bolstad 2005, Andersen 2009). With 

atmospheric bias, it is important to consider that two GPS receivers in close 

proximity would be subjected to the same ionospheric biases making differential 

correction more effective and modeling less important when base stations are 

located nearby. However, differences in the troposphere, especially differences in 

the wet component would not be easily corrected with differential correction 

(Van Sickle 2008). Differential correction is also not effective at eliminating 

multipath error.  

RESEARCH OBJECTIVES 

The following chapters present research conducted in the McDonald-Dunn 

Research Forest in the summer and fall of 2010. We established six different GPS 

test courses in second growth Douglas-fir forests across a variety of terrain and 

stand conditions. Across all sites, slopes varied from ten to eighty percent and 

basal areas ranged from 18 sq. m/ha (80 sq. ft./acre) to over 78 sq m/ha (340 sq. 

ft./acre). We collected measurements with multiple mapping-grade GPS receivers 

at the sites on 21 different days. Our primary objective was to determine if GPS 
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receiver settings affected receiver accuracy. We also examined the effect of the 

number of positions averaged. Chapter 2 examines how these factors affect GPS 

point accuracy and collection times. Chapter 3 examines GPS effectiveness at 

measuring area and reports perimeter error. 
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CHAPTER 2: BALANCING HORIZONTAL POINT ACCURACY WITH PRODUCTIVITY 
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ABSTRACT 

We used high quality mapping-grade GPS receivers to examine post-

processed horizontal measurement accuracies across six different sites in 

second-growth Douglas-fir forest. Sites varied in terms of age, tree height, basal 

area, and terrain slope. A GPS manufacturer recently recommended new receiver 

settings that maximize data collection efficiency. The recommendations included 

settings that affect position dilution of precision (PDOP), signal-to-noise ratio 

(SNR), and minimum satellite elevation. Consequently, our primary objective was 

to compare GPS accuracies resulting from traditional receiver settings and newly 

recommended settings. A secondary objective was to determine how accuracies 

would change with recording interval (whether we averaged 1, 5, 10, 30, or 60 

positions). We also examined how accuracies changed between sites and 

recorded wait times required to collect a certain number of positions. Average 

errors using traditional (default) GPS settings (PDOP: 6; SNR 39; minimum 

elevation: 15 degrees) were 2.8 m, while average errors using new recommended 

(maximum) settings (PDOP: 20; SNR 33; minimum elevation: 5 degrees) were 3.1 

m across all sites and recording intervals. RMSE at the 95% confidence level 

(RMSE95) increased from 6.0 m when using default settings and to 8.0 m when 

using maximum settings. Using default settings, average errors decreased from 

3.4 m when using one position fix to 2.1 m when averaging 60 positions, while 

RMSE95 decreased from 7.3 m to 4.4 m. For maximum settings, errors decreased 

from 3.4 m to 2.8 m, while RMSE95 decreased from 9.1 m to 6.5 m. Errors were 
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variable across sites and horizontal errors were correlated with basal area but 

not slope. When using default settings the average wait time was 55 seconds at 

the 1-second recording interval and 236 seconds at the 60-second recording 

interval. Using maximum settings, average wait time was 8 seconds when using 

one position and 74 seconds when averaging 60 positions. The errors that we 

report are acceptable for many forestry applications. These results should help 

users balance productivity with accuracy when using mapping-grade GPS 

receivers in second growth Douglas-fir forests.   

INTRODUCTION 

Natural resources professionals use global positioning system (GPS) 

receivers for a multitude of applications. Common applications include mapping 

stream headwalls, collecting stand inventory data, locating research plot centers, 

and mapping plant and animal populations. Where timber operations are 

concerned, there is an urgent need to map point data accurately as logging 

systems designs can be detrimentally affected by inaccurate maps. GPS has met 

with mixed results in the Pacific Northwest where slopes can be very steep (over 

100%) and forest canopies are dense. This has led to a great deal of skepticism as 

to the functionality of GPS by foresters (personal observation). While GPS 

receivers are extremely accurate in the open, in a forested setting multipath 

introduces error. Multipath error is caused when a GPS signal reflects off a 
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surface as its path progresses between the satellite and receiver. This creates a 

source of random error that is difficult for GPS receivers to mitigate.  

In addition to introducing multipath error, trees and terrain may also 

completely obstruct the signal. This can lead to long wait-times for a GPS receiver 

operator. In the coast range of western Oregon for instance, government 

employees have reported waiting for hours with no signal whatsoever leaving 

them to abandon GPS surveys for other methods (personal observation). When 

people first started using GPS in the 1980s it met with poor results under forest 

canopy (Gillis 2008). However, GPS technology has improved over the years, and 

continues to improve (Wing 2008b). 

A number of studies have examined GPS accuracy under a range of 

different conditions pertaining to canopy, tree density, and terrain. However, 

only a few studies have rigorously tested productivity under different site 

conditions. In addition, only a few studies that we are aware of have examined 

GPS accuracy across varying conditions in dense Douglas-fir forests, and these 

studies did not consider differing terrain. The objective of this study was to 

examine GPS accuracy across several different sites with a range of slopes and 

basal areas. Since a leading GPS manufacturer recently issued new receiver 

setting recommendations for mapping-grade receivers (Trimble 2009b), we 

examined how GPS accuracies changed between past “default” receiver settings 

and current recommended settings, which are intended to maximize productivity 

or the amount of time required for measurements. We also examined how the 
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number of positions averaged (recording interval) improved accuracy 

measurements and how different settings affected the time needed to acquire 

sufficient position fixes. Our intention is that these findings may help GPS users 

balance productivity and GPS accuracy when collecting data near or under forest 

canopy.   

BACKGROUND 

GLOBAL POSITIONING SYSTEM (GPS) 

The global positioning system (GPS) also known as  NAVSTAR (Navigation 

Satellite Timing and Ranging) relies on 24 satellites that continually orbit the 

earth and transmit coded signals to receivers (Andrews Space and Technology 

2001). These coded signals contain information pertaining to the satellite 

location and transmission times that allow the receiver to calculate its range from 

a satellite. Using a minimum of three satellites a GPS receiver can trilaterate its 

horizontal location by examining where the sphere created by the satellites’ 

ranges overlap. A fourth satellite signal eliminates positional ambiguity and 

makes it possible to determine a receiver elevation. A number of factors can 

influence a receiver’s ability to estimate its point location accurately. These 

include clock errors, satellite orbital errors, atmospheric interference, often in 

the form of atmospheric electron content or moisture, electromagnetic noise, and 

multipath error (Van Sickle 2008).  
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CALCULATING HORIZONTAL GPS ACCURACY 

When discussing horizontal GPS accuracy, two different measures are 

generally used. These are average horizontal error and root mean square error 

(RMSE). Average horizontal error is the average straight line (Euclidean) distance 

between a known location and GPS estimated locations, and is calculated by the 

following formula:  

                                         

 
 

The Federal Geographic Data Committee (FGDC 1998)describes horizontal 

root mean square error (RMSEr) by the following formulas:  
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where Y data, i and X data, i are individual estimates of the y and x coordinates 

respectively, while Ycheck, i and X check, i are described as the Y and X coordinates 
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given by an “independent source of higher accuracy.” In GPS accuracy studies, 

lower order GPS receivers give the coordinate estimates, while check coordinates 

are typically produced by a combination of high order GPS receivers and total 

station surveys. We describe these methods in more detail in subsequent pages 

entitled test course establishment. RMSE is a: 

good estimator of the impact of forest canopy on GPS positional 
fixes…because it depicts the deviation from the truth and not from 
the mean as is the case with the standard deviation. The latter 
parameter is a measure of the repeatability of the observations, but 
not the accuracy (Sigrist 1999, p 3602).  
 
Finally, FGDC (1998) provides a formula for accuracy, where, given that 

the smaller of RMSEY or RMSEX divided by the larger of the two is between 0.6 

and 1.0, accuracy at the 95% confidence interval can be calculated by the 

following formula:  

                                   

Ninety-five percent of the positions in a dataset will have errors of less than this 

accuracy value. 

RECEIVER GRADES 

Previous studies have found that differences in horizontal point accuracy 

may depend on slope position, forest type, basal area, number of position fixes 

averaged (recording interval), correction type, and receiver grade or model. 

These studies generally characterize three different kinds of GPS receivers: 

consumer, mapping, and survey-grade, each varying in their abilities to mitigate 
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the error sources mentioned previously. All have applications in natural 

resources for determining horizontal accuracy, but which receiver is most 

appropriate depends on accuracy requirements and budget limitations. Some 

survey-grade receivers cost more than $15,000, and can achieve horizontal 

accuracies of less than 1 cm in the open (Wing et al. 2008). Under canopy, survey-

grade receivers cannot achieve the same accuracies due to multipath errors. In 

Alaska survey-grade GPS receivers recently achieved RMSE of 0.3 to 0.6 m across 

a range of forest types depending on whether the Global Navigation Satellite 

System (GLONASS), a satellite system operated by Russia, was enabled in 

addition to GPS (Andersen 2009).  

Mapping-grade receivers generally cost between $2,000 and $8,000 and, 

for one, differ from consumer-grade receivers in their ability to filter out poor 

measurements. Mapping-grade receivers filter positions based on three criteria: 

1) signal to noise ratio (SNR), 2) minimum elevation, and 3) dilution of precision 

(DOP). SNR measures the clarity of the signal and depends on electromagnetic 

and atmospheric interference. Minimum elevation refers to the angle between 

the horizon and the satellite. When a satellite is closer to the horizon its signal 

must travel a greater distance to the receiver introducing more atmospheric 

interference. Dilution of precision (DOP) is a measure of satellite geometry, 

where higher values represent poorer geometries than lower values. A lower 

DOP indicates that satellites are spread widely in the sky increasing their ability 

to trilaterate effectively. DOP is described by the horizontal component, 
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horizontal dilution of precision (HDOP), the vertical component, vertical dilution 

of precision (VDOP) or both. When both of these components are combined, the 

dilution of the three dimensional precision is referred to as PDOP (Van Sickle 

2008). Consumer-grade receivers on the other hand generally cost less than 

$500. Average errors from tests on consumer-grade receivers conducted in 

second growth Douglas-fir forest were reported to range from 5.6 to 13.4 m 

depending on receiver type (Wing 2008a). 

Mapping-grade GPS receivers are also capable of differentially correcting 

data, while consumer-grade receivers are not. Differential correction involves 

using a high order survey-grade GPS receiver at a known location. Since this 

receiver knows the true location over a long period of time, and it is registering 

positions each second it can calculate the difference between true and the time 

dependent estimate and apply this to another receiver at an unknown location 

(Kennedy 2010). 

MAPPING-GRADE RECEIVER ACCURACY  

The remainder of this discussion on horizontal error focuses on mapping-

grade receivers, which we used exclusively in this study. Deckert and Bolstad 

(1996) found average errors of 4.35 m across a range of slope positions and 

canopy types in eastern forests. PDOP, number of fixes, terrain, and canopy all 

significantly affected accuracy. Another study in eastern hardwood forests found 

horizontal root mean square errors of 0.5 m in the open and 5.6 m under pine 
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forest (Sigrist 1999). In northern mixed hardwood forests, Bolstad et al. (2005) 

found average errors of less than 3.0 m (8.2 feet) for mapping-grade GPS 

receivers. The number of position fixes averaged were statistically significant 

under forest canopy but not in the open. However, no significant differences 

existed between differentially corrected and uncorrected positions.  

Wing et al. (2008) compared various mapping-grade receivers with 

different configurations at open, young, and closed courses in Douglas-fir forest. 

Average measurement errors for unprocessed data were 0.8, 1.3, and 2.2 m 

under open, young, and closed canopy forest. Differential correction improved 

errors to 0.5, 0.6, and 1.7 m, respectively. The top performing receivers under 

closed canopy conditions were both equipped with external antennas. Increasing 

the number of positions averaged from one to 30 reduced average measurement 

errors from 1.1 to 0.9 m for post-processed data. When the number of averaged 

positions was increased from 30 to 60 the error was reduced from 0.9 to 0.8 m.  

Danskin (2009a) examined a mapping-grade GPS receiver equipped with 

an external standard beacon antenna in southern hardwood forests, and during 

leaf-on conditions, found RMSE95 (RMSE at the 95% confidence level) values of 

5.32 and 3.64 m before and after post-processing the data when using 100 

position fixes. RMSE95 values for uncorrected data on upper slope positions 

showed considerably better accuracies than on lower slope positions. Slope 

position had a minimal effect on differentially corrected data. Lastly, as the 

number of positions fixes increased from 10 to 50, under leaf-on conditions, 
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RMSE95 decreased from 11.74 to 9.95 m. Improvement was at a slower rate after 

50 positions, as RMSE95 was 9.72 m when using 200 position fixes. When the 

choke ring antenna replaced the beacon antenna (Danskin 2009b), accuracies 

improved markedly. Using the beacon antenna under leaf-on conditions errors 

ranged from 4.90 to 6.11 m depending on slope position. Using the choke ring 

antenna, these errors improved markedly, ranging from 0.32 to 0.88 m.  

Antennas vary in their ability to filter out signals, utilize L1, L2, and L2c 

signals, and utilize GLONASS and Omnistar satellites. The beacon antenna used by 

Danskin was designed to filter out unwanted signals, amplify the L1 signal, and 

filter out noise from AM broadcasts. However, it was limited in its ability to 

mitigate multipath error. Choke ring antennas get their name from their design, 

which consists of “circular slotted ground plane” that causes primary and 

secondary electromagnetic waves to cancel out and reduce multipath error from 

the earth’s surface. Most choke ring antennas access both L1 and L2 signals. 

Although they are capable of  filtering multipath error, choke rings are large and 

weigh approximately 7kg, making them unwieldy for most field applications. In 

addition, they are relatively cost prohibitive.  

Wing and Frank (2011) tested six Trimble GeoXH (mapping-grade) 

receivers in the open and in young forest. All receivers were configured similarly 

with an external antenna capable of utilizing L1 and L2 signals. In the open 

average errors improved from 1.6 to 0.2 m due to data post processing, while in 

the young forest average errors improved from 5.9 to 1.4 m. Although average 
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errors and standard deviations declined slightly when increasing recording 

interval from one to 60, these differences were not statistically significant. While 

we found statistically significant differences between some GPS receivers, these 

differences were inconsistent between sites and were probably due to slight 

differences in the receiver’s relationship to canopy and satellite position.  

ELAPSED TIME 

The same factors that contribute to multipath error can also entirely 

obscure a GPS signal, not allowing a receiver to take any measurements. 

Interference from trees and terrain can be large deterrents to using GPS receivers 

in second-growth Douglas-fir forests. From personal experience working in the 

coast range of western Oregon, steep slopes and dense canopy can make it 

extremely difficult to obtain an accurate point estimate within a reasonable 

amount of time.  

The amount of time required to collect a certain number of position fixes 

depends on the receiver’s ability to keep a lock on the satellite signal. Any 

obstruction between a receiver and satellite can cause a loss of lock including 

terrain and any part of the tree. Gerlach (1989) found that satellite signal loss 

was caused 23 % of the time by trunks, 28% by branches, and 36% by the foliage 

in lodgepole pine forest (as cited in Deckert and Bolstad1996).  

Although the question of “how much time” is important for resource 

managers to determine the best technologies to use in a given situation, we are 
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aware of only one study that addresses this question. In eastern U.S. forests, 

collection times for 500 position fixes ranged from 8.82 minutes in the open to 

14.23 minutes at coniferous sites, an average of 1.06 seconds per position fix at 

open sites and 2.05 seconds per position fix at coniferous sites (Deckert and 

Bolstad 1996).  

METHODS 

SITE SELECTION 

We established six test course loops within the confines of Oregon State 

University’s (OSU) McDonald-Dunn Research Forest located just Northwest of 

Corvallis, OR (Figure A1). We used stand inventory data made available by OSU’s 

College of Forestry and LiDAR imagery to select four of the six sites. We selected 

stands that were less than 160 years of age and had a minimum coniferous basal 

area of 41 sq-m/ha (180 sq. ft./acre). Using spatial analyst tools in ArcGIS and 1-

m resolution LiDAR digital elevations models, we delineated average slopes in 

three different categories. Percent slopes ranged from 0 to 88 percent, and were 

categorized as flat (0-27% percent), moderate (27-54%), and steep (>54%). In a 

similar manner, we selected only aspects that were generally north facing to 

minimize any effect due to aspect. Some users have perceived poorer satellite 

availability on north facing slopes (personal observation). However, we found no 

literature that confirms the influence of aspect on satellite availability. We then 

created 0.4-ha (1-acre) polygons representing north facing aspects at each slope 
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category. In order to ensure that the study represented a wide range of slopes, we 

randomly selected two sites from each slope category. We refer to these sites as 

flat 1 & 2, moderate 1 & 2, and steep 1 & 2. Most of the sites were comprised 

predominantly of second-growth Douglas-fir forest between 40 and 80 years of 

age with a small hardwood component (i.e. Douglas-fir composed over 90% of 

the forest by basal area at every plot) , but varied in treatment, tree density, and 

age (Table 2.1, Figure A.2). However, moderate 1 was approximately 150 years in 

age, and showed characteristics of an old-growth forest with dominant Douglas-

fir trees and an approximate 20-year old grand fir and Douglas-fir understory. 

Finally, we calculated the centroid of each polygon and took this to be our site 

center. These sites were then field verified to ensure that GIS layers were correct 

in terms of basal area, slope, and aspect. Two of the test courses had already been 

established (flat 2 and moderate 1) and were not randomly selected in the 

manner described above. 

Table 2.1. Site characteristics 

 

Description Slope (%) Aspect Age

(degrees) FT2/Acre M2/Ha FT2/Acre M2/Ha FT2/Acre M2/Ha

Flat 1 20 296 160 37 16 4 176 40 67

Flat 2 25 75 214 49 0 0 214 49 81

Moderate 1 39 36 204 47 22 5 226 52 153

Moderate 2 44 309 248 57 14 3 262 60 74

Steep 1 61 12 194 45 6 1 200 46 58

Steep 2 65 44 162 37 16 4 178 41 57

Total BAOther BAConiferous BA
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TEST COURSE ESTABLISHMENT  

To establish accurate survey marker coordinates for each site under 

canopy we first established two control monuments using survey-grade Topcon 

Hiper Lite Plus receivers (Figure 2.1). These control points were established in 

the open with little canopy obstruction over 15 degrees above the horizon. 

Northings, eastings, and elevations were resolved using OPUS (National Geodetic 

Survey 2010b). Root Mean Square Error (RMSE) for each observation was less 

than 3 cm and ambiguities were fixed for over 50% of the measurements 

(Appendix B.1.OPUS results). According to NGS (2010b), OPUS can resolve a 

solution within 1 cm under ideal conditions. 

 

Figure 2.1. Photo of Topcon Hiper Lite Plus GPS receiver. 
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Using these control monument coordinates (base and rover) to translate 

and rotate, we conducted a closed traverse survey with a Nikon total station to 

obtain the coordinates for the center point of our test course (Figure A.3). With 

the aid of Traverse XL (Fredericks & Wing 2006), we used the compass 

(Bowditch) rule to adjust departures and latitudes (Wolf and Ghilani 2002). All 

linear misclosures for these traverses were less than 10 cm (Table 2.2). We 

closed all traverses except for the two flat courses. At flat 1 we felt that the 

extremely small misclosure and relative precision did not require applying the 

Bowditch rule. At the flat 2 course, the GPS control was close enough to the 

course that it did not require a closed loop. All traverses met a minimum 

standard of 3rd order class 2 (FGCC 1984), which requires a minimum accuracy 

distance standard of 1:5000.  

Table 2.2. Traverse perimeters, misclosures, and precisions 

 

 We used the “side shot method for traversing with a total station,” which, 

“minimizes instrument setup and reduces probability of systematic error 

inherent in multiple setups” (Kiser et al. 2005, p. 139). This entailed setting up 

the total station in the center of each 0.4-ha test course loop and measuring to all 

ten survey markers on the perimeter. The measurement conducted by the total 

station included a slope, azimuth, and distance, and recorded a northing and 

Plot Balanced Perimeter (m) Linear Misclosure (m) Relative Precision Relative Precision Order Class Sides

Flat 1 798.07 0.01 1/73177 0.00001 2nd 1 6

Flat 2 NA NA NA NA NA NA NA

Moderate 1 225.51 0.04 1/6145 0.00016 3rd 2 5

Moderate 2 714.92 0.10 1/6961 0.00014 3rd 2 9

Steep 1 539.54 0.10 1/5376 0.00019 3rd 2 10

Steep 2 612.82 0.04 1/16112 0.00006 3rd 1 6
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easting for each point. After surveying the test course loop, we rechecked the 

distance and angle to the first point to ensure that the total station remained level 

and stationary during the surveying process.  

For analysis, we treated the total station coordinates as checkpoint 

coordinates and we referenced these to a common map projection (Universal 

Transverse Mercator projection, Zone 10 North, North American Datum 1983). 

We permanently marked these locations by hammering a 0.6 m (2 ft.) piece of 

rebar into the ground and topping it with a plastic survey cap.  

At each survey marker (60 in total), we measured percent slope from the 

survey marker looking up hill and basal area using a 20 Basal Area Factor (BAF) 

prism. Using a prism to measure basal area is a quick method for estimating basal 

area that counts “in” trees based on proximity and diameter. To obtain a basal 

area estimate that is relative to the survey marker, we counted the number of “in” 

trees and multiplied this number by the BAF of twenty.  

GPS TESTING 

Once we established the test course loops, we surveyed them using 

Trimble GeoXH mapping-grade receivers equipped with a zephyr antenna 

(Figure 2.2). All receivers were set to collect data using two different settings: 1) 

default, as recommended by Trimble (2009a), where signal to noise ratio (SNR) 

equals 39, minimum elevation equals 15 degrees above the horizon and position 

dilution of precision (PDOP) equals 6, and 2) maximum where SNR equals 33; 
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minimum elevation equals 5 degrees, and PDOP equals 20. Trimble recently 

recommended using maximum settings for most applications after recent 

advances in differential post processing capabilities (Trimble 2009b).  

While GeoXH receivers have the capacity to record measurements using 

carrier waves, we chose to set each receiver to collect only pseudorange (C/A 

code) data. Although these receivers are capable of average accuracies of 20 cm 

or less in the open when using carrier phase data (Wing and Frank 2011), work 

by Edson and Wing (In press) recently found that under dense canopy average 

errors for code corrected data were less than those corrected using the carrier 

phase.  

 

Figure 2.2. GeoXH receiver with Zephyr antenna.  
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 When we visited a site, we generally spent an entire day there and 

collected data between the hours of 8:00 a.m. and 3:00 p.m. in order to 

approximate a typical field day. Looking at mission planning and from previous 

experience, we recognized that GPS reception in general and PDOP in particular 

vary throughout the day. This factor could significantly affect accuracy and 

productivity. In order to minimize this influence we made certain to collect GPS 

points at each test course throughout a day. Similarly, we made sure that we 

represented each setting type (maximum or default) throughout a day. In this 

manner, we believe that bias due to collection times was not influential during 

this study. 

We used seven different GeoXH receivers during the course of this study. 

Previous testing (Wing and Frank In press) indicated that these receivers 

generally performed equally. Since receivers were all equal in performance, we 

chose receivers ad hoc. However, once we chose a receiver, we generally used the 

same receiver over three days during which time we visited one flat course, one 

moderate course, and one steep course.  

We visited each site nine times and recorded 60 positions at each survey 

marker. Once we visited all survey markers, we changed GPS receiver setting 

(maximum or default) and completed another loop. In this manner, we collected 

60 position estimates at a total of 540 point/time combinations (6 sites, 9 visits, 

where 6 used maximum settings and 3 used default settings to each of 10 survey 

markers). We recorded time of day, weather (sunny, cloudy, and rainy), and the 
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amount of time required to record 60 position fixes. We generally followed the 

protocol mentioned above, but did deviate slightly as inefficiencies using default 

settings required us to return to sites at later dates to finish collection. However, 

the data are fairly balanced with regard to time, receiver settings, and sites. 

DATA ANALYSIS 

We used Pathfinder Office (Trimble 2008) to download and differentially 

correct data. Pathfinder office uses Continuously Operating Reference Station 

(CORS) base stations (NGS 2010a), which apply corrections to data based on 

known locations and time dependent coordinate estimates. We selected a base 

station in Corvallis, Oregon located just 4km from the test course loops. Some 

research suggests that distance to the base station can affect horizontal accuracy 

(Andersen 2009), and we note here that as distance increases from base station, 

errors may increase slightly.   

Differentially corrected data were then exported to Excel as individual 

positions where they were averaged into point location estimates containing 1, 5, 

10, 30, and 60 seconds of data. Using these data, we determined the horizontal 

error for each GPS (data) point estimate by calculating the difference from 

control (check) coordinates that we had established using the total station. We 

also calculated standard deviation, RMSE, and accuracy at the 95% confidence 

level (RMSE95) as defined by FGDC (1998) for each setting by recording interval 

by site combination. In addition to coordinates, Pathfinder Office also exported 
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HDOP and PDOP as determined by the available satellites. These DOP values 

represent DOP under canopy and are higher than DOPs predicted in the open. 

RESULTS and DISCUSSION 

We calculated average horizontal errors, standard deviations, RMSEs, and 

accuracies at the 95% confidence level (RMSE95) for GPS measurements. We also 

calculated the amount of time in seconds required to obtain a certain number of 

position fixes (wait time (s) in Table 2.3). Unfortunately, we did not record 

elapsed time properly at the flat 2 course, so data are not available. However, in 

general wait times at flat 2 were considerably shorter than the moderate and 

steep courses, but slightly longer than the other flat course. Average error for GPS 

receivers using the default settings across all sites and recording intervals was 

2.8 m (RMSE95 = 6.0 m) while average error for receivers using maximum 

settings was 3.1 m (RMSE95 = 8.0 m). Average recorded wait times across all 

recording intervals were 121 s when using default settings, four times longer 

than the average 31 s wait time when using maximum settings. However, when 

using default settings, we had to abort several traverses due to extremely long 

data collection wait times. Since we did not record these times, wait times for 

default settings would have been slightly longer. The values reported in the grand 

total row are averages of all five recording intervals across all sites and 

correspond to a 21-second recording interval. This indicates that on average, in 
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order to collect 21 positions using default settings we had to wait 121 seconds 

and horizontal errors were 2.8 m. 

Table 2.3. Average horizontal measurement error, median error, standard 
deviation (SD), root mean square error (RMSE), root mean square error at the 

95% confidence level (RMSE95), and wait time. 

 

FLAT1 2.4 1.8 2.0 3.1 5.4 56 2.3 2.0 1.6 2.8 4.9 24

1 3.0 2.4 2.4 3.8 6.6 25 2.5 2.2 1.7 3.0 5.2 3

5 2.7 2.0 2.3 3.5 6.0 31 2.4 2.2 1.7 2.9 5.1 7

10 2.6 2.2 2.4 3.5 5.9 38 2.4 2.1 1.7 2.9 5.0 12

30 2.0 1.4 1.5 2.5 4.3 73 2.1 1.7 1.5 2.5 4.4 33

60 1.5 1.2 1.0 1.8 3.1 112 2.2 1.9 1.6 2.7 4.7 64

FLAT2 2.7 2.0 2.4 3.6 6.0 NA 2.1 1.7 1.5 2.6 4.4 NA

1 3.4 2.4 3.0 4.5 7.5 NA 2.1 1.8 1.4 2.6 4.4 NA

5 3.0 2.0 2.8 4.1 6.8 NA 2.1 1.8 1.4 2.5 4.4 NA

10 2.8 2.2 2.6 3.8 6.4 NA 2.1 1.8 1.4 2.5 4.3 NA

30 2.2 1.4 1.7 2.8 4.7 NA 2.1 1.6 1.6 2.6 4.5 NA

60 2.0 1.9 1.1 2.3 3.9 NA 2.0 1.6 1.5 2.5 4.4 NA

MODERATE1 3.3 2.6 2.7 4.3 7.4 132 3.8 2.3 5.3 6.5 11.2 47

1 3.9 3.2 3.3 5.0 8.7 52 4.3 2.7 6.7 8.0 13.6 19

5 3.7 2.7 3.0 4.7 8.0 64 4.2 2.5 6.4 7.6 13.0 26

10 3.3 3.0 2.5 4.1 7.0 104 4.1 2.3 6.1 7.2 12.4 34

30 3.0 2.1 2.7 4.0 6.9 167 3.3 1.9 3.3 4.6 7.9 58

60 2.9 2.5 2.3 3.7 6.3 261 3.0 2.0 2.9 4.2 7.2 98

MODERATE2 2.9 2.6 1.7 3.3 5.7 177 3.6 2.2 4.3 5.6 9.0 24

1 4.0 4.1 2.1 4.5 7.7 89 4.1 2.4 4.5 6.1 9.8 3

5 3.1 2.9 1.6 3.5 6.1 117 3.8 2.5 4.5 5.8 9.3 7

10 2.8 2.6 1.4 3.1 5.4 134 3.7 2.2 4.6 5.9 9.5 13

30 2.4 2.4 1.2 2.7 4.6 213 3.3 2.5 3.9 5.1 8.1 33

60 2.0 1.8 1.1 2.3 4.0 333 3.2 1.9 3.8 4.9 8.2 64

STEEP1 3.0 2.4 1.8 3.5 5.9 157 4.1 2.9 3.8 5.6 9.5 38

1 3.3 3.4 2.0 3.9 6.6 76 4.4 2.9 4.2 6.1 10.5 15

5 3.1 2.8 2.0 3.7 6.2 93 4.4 3.0 4.2 6.0 10.4 19

10 3.0 2.0 2.0 3.6 6.1 128 4.2 2.8 3.9 5.7 9.7 27

30 2.8 2.4 1.6 3.3 5.6 205 3.9 2.9 3.4 5.1 8.5 48

60 2.5 2.2 1.4 2.9 4.9 281 3.7 3.0 3.0 4.8 7.8 81

STEEP2 2.4 1.8 1.9 3.0 5.1 83 2.7 2.1 2.0 3.4 5.8 23

1 2.8 2.0 2.4 3.7 6.2 32 3.0 2.7 1.9 3.5 6.1 3

5 2.6 2.0 2.0 3.3 5.6 39 2.9 2.2 2.3 3.7 6.4 7

10 2.5 2.1 2.1 3.3 5.6 49 2.6 2.0 1.9 3.3 5.6 12

30 2.0 1.5 1.5 2.5 4.3 106 2.6 2.1 2.0 3.2 5.5 32

60 1.7 1.3 1.0 2.0 3.5 189 2.4 1.9 1.9 3.0 5.2 63

Grand Total 2.8 2.2 2.1 3.5 6.0 121 3.1 2.1 3.5 4.7 8.0 31

RMSE95 

(m)

Wait 

Time (s)
Site/Interval

 Wait 

Time (s)

Average 

Error (m)

Median 

Error (m)
SD (m)

RMSE 

(m)

Average 

Error (m)

Median 

Error (m)
SD (m)

RMSE 

(m)

RMSE95 

(m)

DEFAULT MAXIMUM
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Before conducting any analysis, we examined the distribution of 

horizontal errors for normality. Horizontal errors were strongly positively 

skewed so we applied a log transformation so that the data approximated a 

normal distribution.  

RECORDING INTERVAL 

Across all sites , average horizontal error decreased from 3.4 to 2.1 m for 

default settings and from 3.4 to 2.8 m for maximum settings as recording interval 

increased from one to 60 (Table 2.4). Horizontal error decreased as recording 

interval increased within each site. Variability also decreased with recording 

interval. 

Table 2.4. Recording interval and associated GPS receiver errors for all sites. 

 

RECEIVER SETTINGS 

Horizontal errors were generally higher when we set receivers to record 

data using the maximum setting (3.1 m) rather than the default setting (2.8 m) 

across all sites. This was not the case within all sites, however, as errors were 

slightly higher when using the default setting on both of the flat courses for 

1 3.4 2.5 2.6 4.3 7.3 55 3.4 2.4 4.0 5.2 9.1 8

5 3.1 2.3 2.3 3.8 6.5 69 3.3 2.3 3.9 5.1 8.8 13

10 2.8 2.2 2.2 3.6 6.1 91 3.2 2.2 3.8 4.9 8.5 19

30 2.4 1.9 1.8 3.0 5.2 153 2.9 2.0 2.8 4.0 6.8 41

60 2.1 1.8 1.5 2.6 4.4 236 2.8 2.0 2.6 3.8 6.5 74

RMSE 

(m)

RMSE95 

(m)

Wait 

Time (s)

RMSE95 

(m)

 Wait 

Time (s)

Average 

Error (m)

Median 

Error (m)
SD (m)Interval

Average 

Error (m)

Median 

Error (m)
SD (m)

RMSE 

(m)

DEFAULT MAXIMUM
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shorter intervals (Table 2.3). As intervals increased to 60 seconds, default 

settings proved more accurate.  

We had expected the higher errors when using maximum settings due to 

the less strict mask and the GPS receiver recording when PDOPs, SNR, and 

minimum elevation would have otherwise prevented data collection. Depending 

on the constellation, the receiver could still record positions using the maximum 

setting that would otherwise not have been recorded using the default settings. 

However, as we will show in our analysis, these differences were generally not 

statistically significant. 

STATISTICAL ANALYSIS 1: MIXED MODEL VARIABLE SELECTION 

The statistical software package R (2009) was used to create multiple 

linear regression models between horizontal error and other factors. As our 

study design was hierarchical containing multiple levels (i.e. 10 survey markers 

within each site), and there were repeated measures, we utilized the linear 

mixed-effects (lme) function (Pinheiro and Bates 2000). The lme function in R is 

used to fit mixed effects models, and is suitable for dealing with nested design 

structures, multiple levels, and repeated measures. They are also adept at dealing 

with unbalanced data.   

We examined multiple random effects structures, which included site, 

point, date, visit, traverse number and time of day as random variables in order 

to mitigate spatial and temporal correlation and address multiple visits. We used 
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a nested structure, and matched the “error term to the scale with which it 

changes” (J. Strunk and C. Pereira, personal communication, June 2011). For 

instance, some of our fixed effects such as basal area and terrain were site factors 

associated with a single point. As we had 60 total survey points for accuracy 

calculations, but 540 error estimates for each recording interval due to repeated 

measurements, the random effects structure reduced the denominator degrees of 

freedom to no more than 60 for site related variables such as terrain and basal 

area when point was considered a random effect in the model. This in turn 

increased our p-value in some cases, and made it more difficult to obtain a 

significant result. Likewise, since we reduced our weather data to raining and not 

raining for the entire day, our denominator degrees of freedom for rain were 

reduced to not more than 21, when date was included as a random effect. We 

tested various random effects structures to detect if these structures affected p-

values and coefficients, and settled on a random effects structure that considered 

date and survey point.  

GPS setting (default or maximum), average HDOP as reported by Trimble, 

environmental factors such as uphill slope, basal area, and weather (whether it 

was raining during data collection or not) were fixed predictor variables. We log 

transformed the response variable, horizontal error, to avoid violating data 

normality assumptions. As we had an accumulating series correlation, which 

resulted from using the 1-second position fixes in the 5-second observations, the 

5-second observations in the 10-second observations, and 30-second observation 
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in the 60-second observations, we developed separate models for each recording 

interval. Since stepwise comparisons were not available using mixed models, we 

again followed the methodology described by Pinheiro and Bates (2000) where 

ANOVA compares the fullest model to a reduced model with one less predictor 

variable. This type of ANOVA comparison uses p-values that are based on L 

Ratios to determine whether the two models are significantly different. L Ratios 

are based on the likelihood ratio test (LRT, Lehmann 1986 as cited in Pinheiro 

and Bates 2000), which can be calculated as follows: 

                               , 

where LMAXfull is the likelihood of the parameters in the full model and 

LMAXreduced is the likelihood of the parameters in the reduced model. The 

Likelihood ratio test is similar to the extra-sum-of-squares F test (Ramsey and 

Schaffer 2002), which compares the full model to the reduced model in terms of 

increased residual sum of squares and increased degrees of freedom associated 

with reducing the model. The LRT uses a chi-square distribution, which can at 

times be “anticonservative” when comparing the fixed effects structure of a 

model, especially when the drop in degrees of freedom between the two models 

is large (Pinheiro and Bates 2000, p. 88). Considering this, we used this method 

cautiously, but believe that it represented our data well, since drops in degrees of 

freedom were generally only one. We used a conventional cutoff of p = 0.05, so if 
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the p-values were greater than 0.05 the models were not considered significantly 

different and the variable from the full model was dropped.  

 In addition to L Ratios we observed Schwarz’s Bayesian Information 

Criterion (BIC) and Akaike’s Information Criterion (AIC) values, which seek to 

select the best model in terms of log likelihood. AIC and BIC differ in terms of the 

penalty assessed for having too many parameters, and are calculated as follows 

(Pinheiro and Bates 2000): 

                    

and  

                         , 

where npar is the number of parameters in the model and N is the sample size. It is 

largely a philosophical question as to which selection procedure is better to use 

(Ramsey and Schaffer 2002). In our final model selection, we used BIC, which 

assesses a larger penalty for having a larger sample size and ultimately selects a 

more conservative model. The model with the lowest AIC or BIC value is judged 

to be the most favorable model.   

Finally, we developed fixed effects models to investigate if p-values, model 

selection, and coefficients were different between fixed and random effects 

models. If they were similar, we assumed the random effects structure was not 

necessary and we relied on the fixed effects model for our results.  
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Weather 

In order to evaluate weather, we took qualitative assessments in the field 

such as sunny, cloudy, and rainy (Table 2.5). Preliminary examination, using 

ANOVA showed that weather was significant (p<0.01). Using the entire data set 

which included all five recording intervals (n=2700), Tukey significant difference 

tests revealed that horizontal errors recorded on sunny and cloudy days were 

significantly smaller than those on rainy days, but there was no significant 

Table 2.5. Effect of weather on horizontal error and wait time. 

 

difference between sunny and cloudy days. We collected only a small proportion 

of the data under rainy weather conditions (4 of 21 days); however, these few 

days yielded noticeably worse results in terms of horizontal accuracy. A small 

proportion of weather data (approximately 10%) was not available (NA) on days 

that ranged from cloudy to sunny, but it was not at all rainy on these days. 

Ultimately, since there were no significant differences in GPS accuracy on cloudy 

and sunny days, we consolidated weather into two categories: rainy and not 

rainy, where if it was raining off and on during a day we considered all point 

estimates as rainy for that day.  

SUNNY 2.7 2.1 2.1 3.4 5.4 102 3.0 2.1 3.8 4.6 8.0 25

CLOUDY 2.6 2.0 2.2 3.4 5.3 88 2.6 1.9 2.3 3.5 5.9 40

RAINY 3.5 3.0 2.3 4.2 6.6 273 8.3 6.5 5.2 9.8 16.9 80

RMSE 

(m)

RMSE95 

(m)

Wait 

Time (s)
Weather

Average 

Error (m)

Median 

Error (m)
SD (m)

RMSE 

(m)

DEFAULT MAXIMUM
RMSE95 

(m)

 Wait 

Time (s)

Average 

Error (m)

Median 

Error (m)
SD (m)
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 Site Factors 

One of our goals was to observe if there were any differences in horizontal 

error due to site factors, particularly slope and basal area. To better answer this 

question, we needed to design a model that examined the effect of basal area and 

slope after accounting for site, date, and other factors, such as HDOP. This 

required mixed modeling, where we accounted for survey point in the random 

effects portion of the model to detect if there are still significant differences 

between basal area and slope after accounting for point.  

Basal Area 

For this preliminary examination of the effect of basal area on horizontal 

error, we averaged all error estimates across each different basal area. Model fits 

(Figure 2.3; R2=0.558 for maximum settings and R2=0.337 for default settings) 

were much better than what we observed when assessing each individual 

observation (Figure 2.6), demonstrating that averaging multiple observations 

over time can reduce the effect of constellation and weather related factors and 

reduce unexplained variability. These values improve by log transforming 

horizontal error to R2=0.626 for maximum settings and R2=0.471 for default 

settings. 

 As basal area increased so did average horizontal error for maximum and 

default settings. When we used maximum settings, increasing basal area had a 

greater effect. For maximum settings, average errors increased from 
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approximately 2 m when basal areas were 20 m2/ha to nearly 4 m when basal 

areas approached 80m2/ha. For default settings, average errors increased from 2 

m to approximately 3 m. There was no observable change in the relationship 

between basal area and average horizontal error for default and maximum 

settings when we removed the rainy day observations.  

 

Figure 2.3. Trend line for horizontal error (m) averaged across basal areas.  

The effect of increasing basal area was more apparent across the steep 

and moderate sites, but was not evident at the flat sites (Figure 2.4). There 

appeared to be an interaction between slope and basal area but this interaction 

was not selected in our final model. As it is likely that weather may have 

influenced our results we examined this same question with rainy day data 

removed (Figure 2.5).  
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Figure 2.4 Effect of basal area on average horizontal error by slope category 

 

Figure 2.5. Effect of basal area on average horizontal error by slope category with 
rainy data removed. 
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 We also examined whether log transforming basal area improved the fit of 

our entire data set where log transformed horizontal error was the response 

variable (Figure 2.6,). R2 values only improved from 0.0152 to 0.0157 by applying 

a log transformation to the data which was not enough to warrant transforming 

basal area for analysis. However, as basal area increases from 0, we would expect 

horizontal errors to increase rapidly, eventually leveling off and perhaps 

warranting a log transformation. For instance, in Wing and Frank (2011) average 

horizontal errors were 0.2 m at the open course, when basal area was zero and 

default settings were being used. For the fit to be more strongly curvilinear, it 

would probably necessitate a more rapid increase in horizontal error as basal 

area increased from 0 to 20 m2/ha. 

 

Figure 2.6. Comparison of the relationship between log transformed average 
horizontal error to basal area with 1) log transformed fit and 2) linear fit. 

-6
-4

-2
0

2
4

6

0 20 40 60 80 100

Lo
g 

Tr
an

sf
o

rm
e

d
 A

ve
ra

ge
 H

o
ri

zo
n

ta
l 

Er
ro

r 
(m

) 

Total Basal Area (m2/ha)

Log Transformed Fit

Linear Fit



48 

 

 

Terrain 

There appeared to be a general trend towards higher horizontal errors as 

slope increased (Figure 2.7). It appears that when we used maximum settings the 

influence of slope was greater than when we used default settings. However, 

uphill slope was not chosen as a predictor variable in BIC model selection. Again, 

as with total basal area, there is a slight improvement in the fit of our line by log 

transforming slope from R2=0.007 to R2=0.010 indicating a slight curvilinear 

relationship between slope and log transformed horizontal error (Figure 2.8), but 

not one that requires log transformation of the data. 

 

Figure 2.7. Effect of horizontal error averaged across percent slope on default and 
maximum settings. 
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Figure 2.8. Effect of slope on log transformed horizontal error without averaging 
across slope. 

We did not find that increasing slopes were correlated consistently with 

increased horizontal error. Our steepest course on average (steep 2) also had 

relatively low basal area and was more comparable to our two flat courses in 

average horizontal error. Average errors were 3.2 m for both steep courses, 3.5 m 

for both moderate courses, and 2.3 m for both flat courses (2.8 m, 3.4 m, and 2.3 

m when considering only non-rainy days). Average basal areas were 41 m2/ha for 

the two steep courses, 52 m2/ha for the two moderate courses, and 44 m2/ha for 

the two flat courses.  

Using multiple linear regression we examined whether basal area had a 

statistically significant effect within slope categories. We observed statistically 

significant differences for basal area within the moderate (p<0.0001, n=900) and 

steep sites (p<0.0001, n=900; Figure 2.4).  

In addition, we examined whether there was a noticeable effect of basal 

area on horizontal error within slope category for each recording interval. No 
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significant statistical differences were evident within the flat and steep courses, 

however, the effect of basal area was significant at the moderate courses at each 

recording interval except the 60-second recording interval. 

Not only were there differences in basal area between sites, but also 

within sites. Using a mixed modeling approach, we examined whether slope and 

basal area were significant factors after accounting for a random effects structure 

that accounted for site and point. Our mixed modeling approach involved 

examining horizontal error and several independent variables: 

                                                                         

 The model with the lowest BIC value when averaging 1, 5, and 10 

positions contained basal area but not uphill slope. P-values for basal area 

respective to the aforementioned recording intervals were 0.0089, 0.0019, and 

0.0049. At the 30 and 60 recording intervals, the model with the lowest BIC value 

was the null model. P-values for basal area increased to 0.054 at the 30-second 

interval and 0.17 at the 60-second interval indicating a loss of significance for 

basal area with higher recording intervals. 

Confounding Factors: Weather and Site  

Since we did not visit all of our sites on rainy days, we have an unbalanced 

data set with regard to weather. Especially, when using default settings we could 

not record data efficiently. This required return visits to our most difficult sites 

late in the season and unfortunately led to confounding between weather and 
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site, making it difficult to discern whether increases in mean and median 

horizontal errors were due to weather conditions or site conditions. We 

recalculated relevant statistics for the four sites that we visited on rainy days 

(Table2.6 & Table 2.7). We also included the number of observations (n). N was 

relatively low (210) on rainy days, but we observed consistent increases in 

horizontal errors from non-rainy to rainy days both within and across sites for 

both settings. Note that the values reported for rainy day data below consider all 

data for an entire day as rainy if it rained that day. The means, medians, and 

RMSE95 values are slightly lower than those reported when it was observed to be 

raining (Table 2.5). 

Table 2.6. Related statistics for rainy days by settings, site, and recording interval.  

 

Moderate 1 4.7 5.3 3.3 5.8 10.0 37 25 4.8 3.6 4.2 6.3 10.4 150 50

1 4.0 3.9 2.8 4.7 8.1 7 5 5.3 4.0 6.3 8.0 13.0 105 10

5 4.1 5.2 2.8 4.8 8.2 11 5 4.8 3.3 4.1 6.2 9.3 123 10

10 4.2 4.9 2.9 4.9 8.4 16 5 5.0 4.1 3.6 6.1 9.5 133 10

30 6.1 6.2 4.7 7.4 12.7 54 5 4.4 4.1 3.2 5.4 8.9 165 10

60 5.3 5.4 4.0 6.4 11.0 83 5 4.4 2.9 3.8 5.7 9.9 223 10

Moderate 2 3.0 3.0 1.7 3.5 6.0 340 60 NA NA NA NA NA NA NA

1 4.0 3.7 2.4 4.7 8.1 196 12 NA NA NA NA NA NA NA

5 3.2 3.3 1.7 3.6 6.1 227 12 NA NA NA NA NA NA NA

10 2.6 3.0 1.1 2.8 4.8 254 12 NA NA NA NA NA NA NA

30 2.7 2.6 1.2 3.0 5.0 402 12 NA NA NA NA NA NA NA

60 2.5 2.4 1.4 2.9 5.0 622 12 NA NA NA NA NA NA NA

Steep 1 NA NA NA NA NA NA 0 8.8 7.7 5.2 10.2 17.6 79 50

1 NA NA NA NA NA NA 0 9.2 9.1 6.7 11.2 19.3 50 10

5 NA NA NA NA NA NA 0 9.7 9.6 6.2 11.4 19.6 54 10

10 NA NA NA NA NA NA 0 9.1 8.9 4.9 10.3 17.7 70 10

30 NA NA NA NA NA NA 0 8.5 7.7 4.6 9.5 15.9 90 10

60 NA NA NA NA NA NA 0 7.4 6.6 3.9 8.3 13.8 132 10

Steep 2 3.4 2.7 2.0 3.9 6.3 278 25 NA NA NA NA NA NA NA

1 4.9 5.4 2.6 5.5 8.4 104 5 NA NA NA NA NA NA NA

5 4.2 5.1 1.7 4.5 7.1 110 5 NA NA NA NA NA NA NA

10 3.7 2.8 2.2 4.1 6.9 125 5 NA NA NA NA NA NA NA

30 2.3 2.1 0.7 2.4 4.1 372 5 NA NA NA NA NA NA NA

60 1.6 1.6 0.4 1.7 2.9 680 5 NA NA NA NA NA NA NA

Grand Total 3.5 2.9 2.3 4.2 7.2 273 110 6.8 5.1 5.1 8.5 14.6 113 100

n

DEFAULT MAXIMUM

Median 

Error (m)
SD (m) RMSE (m)

RMSE95 

(m)

Wait 

Time (s)
nSite/ Interval

Average 

Error (m)

Median 

Error (m)
SD (m) RMSE (m)

RMSE95 

(m)

 Wait 

Time (s)

Average 

Error (m)
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Table 2.7. Related statistics for non-rainy days by settings, site, and recording 
interval. 

 

HDOP and PDOP 

As noted earlier, we collected data in the field using PDOP masks of 20 for 

maximum settings and 6 for default settings. We used PDOP, because this would 

also allow us to examine the effect of DOP on vertical error. Trimble reports both 

position dilution of precision (PDOP) and horizontal dilution of precision 

(HDOP). As would be expected for this study where we examine only horizontal 

errors, HDOP proved to be slightly better predictor and was chosen over PDOP. 

Horizontal Dilution of Precision (HDOP) had a strong statistically significant 

effect on GPS accuracy (p < 0.0001, Figure 2.9) even after accounting for other 

significant factors such as weather and basal area.  

Moderate 1 3.1 2.5 2.5 4.0 6.8 147 125 3.6 1.9 5.5 6.6 11.2 28 250

1 3.9 3.2 3.4 5.1 8.7 59 25 4.1 2.4 6.9 7.9 13.3 4 50

5 3.6 2.7 3.0 4.6 7.9 72 25 4.0 2.3 6.8 7.9 13.2 9 50

10 3.1 2.9 2.4 3.9 6.5 117 25 3.9 1.9 6.4 7.5 12.6 16 50

30 2.4 1.9 1.6 2.9 5.0 184 25 3.1 1.8 3.3 4.5 7.7 39 50

60 2.4 2.5 1.5 2.8 4.8 295 25 2.7 1.8 2.7 3.8 6.5 76 50

Moderate 2 2.7 2.5 1.6 3.2 5.5 78 90 3.6 2.2 4.3 5.6 9.0 24 300

1 3.9 4.3 2.0 4.3 7.5 24 18 4.1 2.4 4.5 6.1 9.8 3 60

5 3.1 2.7 1.6 3.4 6.0 50 18 3.8 2.5 4.5 5.8 9.3 7 60

10 2.9 2.4 1.6 3.3 5.7 61 18 3.7 2.2 4.6 5.9 9.5 13 60

30 2.2 2.0 1.1 2.4 4.2 98 18 3.3 2.5 3.9 5.1 8.1 33 60

60 1.6 1.4 0.8 1.8 3.1 156 18 3.2 1.9 3.8 4.9 8.2 64 60

Steep 1 3.0 2.4 1.8 3.5 5.9 157 150 3.2 2.5 2.5 4.1 6.5 23 250

1 3.3 3.4 2.0 3.9 6.6 76 30 3.5 2.8 2.7 4.4 7.1 2 50

5 3.1 2.8 2.0 3.7 6.2 93 30 3.3 2.7 2.6 4.2 6.8 7 50

10 3.0 2.0 2.0 3.6 6.1 128 30 3.2 2.3 2.9 4.3 6.8 12 50

30 2.8 2.4 1.6 3.3 5.6 205 30 3.0 2.0 2.2 3.7 5.9 32 50

60 2.5 2.2 1.4 2.9 4.9 281 30 3.0 2.4 2.2 3.7 5.8 63 50

Steep 2 2.2 1.6 1.8 2.8 4.8 50 125 2.7 2.1 2.0 3.4 5.8 23 300

1 2.4 1.7 2.1 3.2 5.5 20 25 3.0 2.7 1.9 3.5 6.1 3 60

5 2.3 1.8 1.9 3.0 5.2 27 25 2.9 2.2 2.3 3.7 6.4 7 60

10 2.3 1.7 2.1 3.1 5.3 37 25 2.6 2.0 1.9 3.3 5.6 12 60

30 2.0 1.5 1.7 2.6 4.4 62 25 2.6 2.0 2.0 3.2 5.5 32 60

60 1.8 1.3 1.1 2.1 3.6 107 25 2.4 1.9 1.9 3.0 5.2 63 60

Grand Total 2.7 2.1 2.0 3.4 5.8 111 490 3.2 2.2 3.8 5.0 8.6 25 1100

Site/  Interval
Average 

Error (m)

Median 

Error (m)
SD (m) RMSE (m)

RMSE95 

(m)

 Wait 

Time (s)

Average 

Error (m)

DEFAULT MAXIMUM

n n
Median 

Error (m)
SD (m) RMSE (m)

RMSE95 

(m)

Wait 

Time (s)
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Figure 2.9. Relationship between Horizontal dilution of precision (HDOP) and 
Horizontal Error (log transformed) 

The specific predictor that we used was the maximum HDOP reported by 

Pathfinder Office averaged over the recording interval. We examined the 

relationship between average HDOP and log transformed horizontal error and 

found that log transforming the data improved the fit of the line from 0.0715 to 

0.0863. The natural log (ln) relationship proved to be slightly stronger than a 

linear, exponential, and polynomial relationship. The natural log transformation 

of DOP is supported by other research (Naesset 2001).  

We note that PDOPs over 20 were recorded for two point estimates. In 

this case, the PDOP of 36 corresponded to an HDOP of 26 and a PDOP of 30 

corresponded to an HDOP of 21. We examined these two outliers to investigate if 

they significantly affected our data, but found no effect, so we kept them in our 
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dataset. HDOP was still very significant (p<0.0001), and the model fits were 

generally unaffected. We are uncertain as to why our GPS receiver recorded these 

two point estimates when settings established that positions could only be stored 

when PDOPs were less than 20. We have observed this phenomenon with other 

data sets and can only surmise that when Pathfinder Office differentially 

corrected the points, it also updated satellite positions and PDOPs.  

Date 

We observed that during the course of our study, horizontal error 

increased across time (Figure 2.10). This led us to reconsider what might have 

affected horizontal error over time during the course of the study. While other 

studies have found an effect of leaf-off period (Sigrist 1999) and there is an 

increase in solar interference during the equinox (Van Sickle 2008), we think that 

it is unlikely that there is a time effect in this study that we are not already 

accounting for by including rain in the model. The hardwood component is minor 

at all sites and makes leaf-off a nonfactor. Furthermore, we would expect a 

decrease in error across time if leaf-off were a factor. Likewise, most of the solar 

interference would have been eliminated with differential correction. By 

removing rainy days from the dataset, there is no apparent influence from date 

(Figure 2.10 and 2.11). However, to be cautious we accounted for a time effect by 

including date in the model as a random effect to ensure that no other seasonal 
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related factors influenced our data set (J. Strunk and C. Pereira, personal 

communication June 2011).  

 
Figure 2.10. Day effect including rainy days 

We examined horizontal errors across the length of the study and found 

linear increases, but a polynomial equation explained the day effect better 

(Figure 2.10). The polynomial equation makes sense if we assume that rain is the 

major factor affecting horizontal errors across time. If this were the case, errors 

would be lower in the summer time, increase in rainy fall months, and then 

decrease as rain subsides until the end of the following summer. A sine function 

might best explain this relationship. Our study spanned from June 2010 until 

February 2011, and we observed a trend of increasing errors from June to 

November, then a slight decrease in the following winter months. Unfortunately, 

our data set does not cover a long enough time period to substantiate this. We 
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consequently assumed a linear relationship for our analysis, but also analyzed 

date as a factor. 

Figure 2.11. Day effect without rainy days 

Final Models 

We constructed mixed models for three of the recording intervals (1, 30, 

and 60 seconds). For this analysis, we dropped the five and 10-second recording 

intervals from our examination. The mixed effects models that we constructed 

examined all 2-way interactions between weather(R), HDOP, basal area (BA), 

settings (SE), and slope (SL).  

We selected a random effects structure by considering a variety of spatial 

and temporal effects including site, point, date, hour, traverse number, and visit. 

As we were ultimately only interested in the fixed effects of our model, we 

examined various combinations of random effects structures to check if they 
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changed p-values and coefficients. Only point and date appeared to significantly 

affect p-values, where point lowered degrees of freedom (df) from ~500 to <60 

site factors and date changed df from ~500 to ~19 for rain. For model selection, 

we used a random effects structure that considered these two factors. We 1) 

checked our random effects structure for the full model, 2) conducted fixed 

effects parameter selection, and 3) once again checked if random effects changed 

p-values for the final reduced model.   

The final fixed effects structure that we selected for average horizontal 

error at the one-second recording interval was:  

                

                                                        

Our selection process was based primarily on p-values determined by L-Ratios, 

but we also examined BIC values (Table 2.8). The test column shows which 

models we compared. The final column indicates which variables we dropped 

from the model to arrive at the next model. For instance, the test between the 

fullest model (1) and the reduced model (2) where we drop the interaction 

between setting and basal area yields an L-Ratio of 0.00 and a p-value of 0.94. 

The high p-value (greater than 0.05) indicates that there is no significant 

difference between the two models, and it would be appropriate to use the 

reduced model. BIC values are also lower with the reduced model, confirming the 

decision.  
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If the p-value exceeded 0.05 we selected the reduced model. However, if 

the p-value was less than 0.05, we examined BIC values to make the final 

determination as to whether we should keep or drop a variable. In each case, the 

model that we selected had the lowest BIC value. We also present delta AIC and 

delta BIC values in order to easily compare how AIC and BIC values differ 

between models. Although we do not show it here, we also compared our final 

model to a null model, where there were no fixed effects. 

For the 30-second recording interval, the model with basal area was not 

significantly different from the model without. Subsequently we dropped basal 

area, leaving the following final model: 

                                                  

Model selection was similar to that described for the 1-second recording interval 

(Table 2.9). The final model for the 60-second recording interval was the same as 

that for the 30-second recording interval. Model selection follows below (Table 

2.10). BIC consistently selected weather, HDOP and basal area, but we must note 

that the data is unbalanced. While the lme function can handle some unbalance, 

we are not entirely certain as to how the nested design handles this. 

Using coefficients from both the final mixed model and from a fixed effects 

model, we created a horizontal error calculator. By entering one for raining and 

an HDOP of 15, we calculated an estimate for the median error (Figure 2.12). 
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Table 2.8. Horizontal error model selection for the 1-second recording interval 
using ANOVA. 

 
Df: the number of degrees of freedom or parameters used for each model; AIC: Akaike’s Information 

Criterion; BIC: Bayesion Information Criterion; logLik: log likelihood; Test indicates which two models are 
being compared; L Ratio: Likelihood ratio; p-values less than 0.05 calculated using the likelihood ratio test 
indicated that the models that were being compared were significantly different; SE: Settings; R: Rain; SL: 

Uphill Slope; BA: Basal Area  

Table 2.9. Horizontal error model selection for the 30-second recording interval 
using ANOVA. 

 
Df: the number of degrees of freedom or parameters used for each model; AIC: Akaike’s Information 

Criterion; BIC: Bayesion Information Criterion; logLik: log likelihood; Test indicates which two models are 
being compared; L Ratio: Likelihood ratio; p-values less than 0.05 calculated using the likelihood ratio test 
indicated that the models that were being compared were significantly different; SE: Settings; R: Rain; SL: 

Uphill Slope; BA: Basal Area  

Model df AIC Δ AIC BIC Δ BIC logLik Test L Ratio p-value Drop

1 19 1338.42 11.08 1419.96 60.72 -650.21

2 18 1336.43 9.08 1413.67 54.43 -650.21 1 vs 2 0.00 0.94 SE*BA

3 17 1334.50 7.15 1407.45 48.21 -650.25 2 vs 3 0.07 0.79 R*HDOP

4 16 1332.62 5.27 1401.28 42.05 -650.31 3 vs 4 0.12 0.73 SL*HDOP

5 15 1330.91 3.56 1395.28 36.04 -650.45 4 vs 5 0.29 0.59 SL*BA

6 14 1330.09 2.74 1390.17 30.93 -651.05 5 vs 6 1.18 0.28 SE*HDOP

7 13 1328.39 1.04 1384.18 24.94 -651.19 6 vs 7 0.30 0.58 SE*R

8 12 1327.35 0.00 1378.84 19.61 -651.67 7 vs 8 0.96 0.33 BA*HDOP

9 11 1327.74 0.39 1374.95 15.71 -652.87 8 vs 9 2.40 0.12 SE*SL

10 10 1327.80 0.45 1370.71 11.47 -653.90 9 vs 10 2.06 0.15 R*BA

11 9 1328.92 1.57 1367.54 8.30 -655.46 10 vs 11 3.12 0.08 R*SL

12 8 1328.93 1.58 1363.26 4.02 -656.46 11 vs 12 2.01 0.16 SE

13 7 1329.20 1.85 1359.24 0.00 -657.60 12 vs 13 2.27 0.13 SL

14 6 1336.71 9.36 1362.46 3.22 -662.35 13 vs 14 9.51 0.00 BA

Model df AIC Δ AIC BIC Δ BIC Log Lik Test L.Ratio p-value Drop

1 19 1289.09 8.23 1370.63 61.12 -625.55

2 18 1287.92 7.05 1365.17 55.65 -625.96 1 vs 2 0.83 0.36 BA*HDOP

3 17 1285.92 5.05 1358.88 49.36 -625.96 2 vs 3 0.00 0.96 SL*HDOP

4 16 1284.37 3.51 1353.04 43.52 -626.19 3 vs 4 0.45 0.50 SE*BA

5 15 1282.65 1.79 1347.03 37.51 -626.33 4 vs 5 0.28 0.60 SE*SL

6 14 1282.14 1.27 1342.22 32.71 -627.07 5 vs 6 1.49 0.22 R*BA

7 13 1280.87 0.00 1336.66 27.14 -627.43 6 vs 7 0.73 0.39 R*SL

8 12 1281.28 0.41 1332.78 23.27 -628.64 7 vs 8 2.41 0.12 SE*HDOP

9 11 1282.28 1.42 1329.49 19.98 -630.14 8 vs 9 3.00 0.08 HDOP*R

10 10 1282.80 1.93 1325.72 16.20 -631.40 9 vs 10 2.52 0.11 SE*R

11 9 1283.63 2.77 1322.26 12.74 -632.82 10 vs 11 2.83 0.61 SE

12 8 1283.86 3.00 1318.20 8.68 -633.93 11 vs 12 2.23 0.05 SL*BA

13 7 1282.15 1.29 1312.19 2.68 -634.08 12 vs 13 0.29 0.25 SL

14 6 1283.76 2.90 1309.51 0.00 -635.88 13 vs 14 3.61 0.06 BA
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Table 2.10. Horizontal error model selection for 60-second recording interval 
using ANOVA. 

 
Df: the number of degrees of freedom or parameters used for each model; AIC: Akaike’s Information 

Criterion; BIC: Bayesion Information Criterion; logLik: log likelihood; Test indicates which two models are 
being compared; L Ratio: Likelihood ratio; p-values less than 0.05 calculated using the likelihood ratio test 
indicated that the models that were being compared were significantly different; SE: Settings; R: Rain; SL: 

Uphill Slope; BA: Basal Area  

 

Figure 2.12. Horizontal Error Calculator for the 30-second recording interval 
with example input values. 

Using our fixed effects coefficients, our final model at the 30-second 

recording interval is: 

                                                                

Model df AIC Δ AIC BIC Δ BIC Log lik Test L Ratio p-value Drop

1 19 1235.4 12.1 1316.9 65.6 -598.7 FULL

2 18 1233.4 10.2 1310.6 59.4 -598.7 1 vs 2 0.01 0.91 BA*HDOP

3 17 1231.4 8.2 1304.4 53.1 -598.7 2 vs 3 0.03 0.86 SL*HDOP

4 16 1232.1 8.9 1300.8 49.5 -600.1 3 vs 4 2.72 0.10 SL*BA

5 15 1231.5 8.2 1295.8 44.6 -600.7 4 vs 5 1.33 0.25 R*BA

6 14 1229.6 6.4 1289.7 38.4 -600.8 5 vs 6 0.16 0.69 R*SL

7 13 1228.2 5.0 1284.0 32.8 -601.1 6 vs 7 0.62 0.43 SE*SL

8 12 1226.5 3.2 1278.0 26.7 -601.2 7 vs 8 0.21 0.65 SE*HDOP

9 11 1225.2 2.0 1272.4 21.1 -601.6 8 vs 9 0.75 0.39 SE*BA

10 10 1223.2 0.0 1266.1 14.9 -601.6 9 vs 10 0.03 0.87 SL

11 9 1224.5 1.3 1263.1 11.9 -603.3 10 vs 11 3.28 0.07 R*HDOP

12 8 1225.0 1.8 1259.3 8.1 -604.5 11 vs 12 2.50 0.11 SE*R

13 7 1225.3 2.1 1255.3 4.1 -605.6 12 vs 13 2.27 0.13 BA

14 6 1225.5 2.3 1251.3 0.0 -606.8 13 vs 14 2.24 0.13 SE

15 2 1286.9 63.6 1304.0 52.8 -639.4 NULL

Coefficient Product Coefficient Product

Intercept 1 0.160 0.160 0.141 0.141

Rain(Y/N) 1 0.546 0.546 0.550 0.550

HDOP 15 0.535 1.450 0.560 1.517

ln (Horizontal Error) 2.156 2.209

Horizontal Error 8.635 9.102

Mixed Effects Fixed Effects
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Similarly, for the 1-second recording interval, we created a model that 

adds a trigger for basal area (Figure 2.13).  

 

Figure 2.13. Horizontal Error Calculator for 1-second recording interval with 
example input values. 

 

                                                                                         

For this particular example it is raining, basal area is 220 ft2/acre (51 

m2/ha), and HDOP is 15, giving: 

                                                                       

Summing the products equaled 2.2. Since the response variable, horizontal 

error, was log transformed we exponentiated to get the median horizontal error 

of 8.7 m given the aforementioned values. 

We observed little difference between the fixed and mixed effects models 

in terms of how they affected coefficients. Likewise, fixed models using BIC 

selected the same models as in our mixed effects modeling. Lastly we note here, 

that in our ANOVA comparisons of random effects structures the best model was 

Coefficient Product Coefficient Product

Intercept 1 0.014 0.014 -0.003 -0.003

Rain (Y/N) 1 0.403 0.403 0.404 0.404

Basal Area 220 0.002 0.413 0.002 0.424

HDOP 15 0.479 1.297 0.495 1.341

ln (Horizontal Error) 2.128 2.167

Horizontal Error 8.396 8.732

FixedMixed
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the null model suggesting that the random effects were not necessary. We simply 

kept it to investigate if there was an effect on the p-values and coefficients for our 

fixed effects. Ultimately, we think that we can remove the random effects 

structure for our analysis, particularly for our primary questions regarding the 

effects of settings and recording interval on horizontal error. In the statistical 

analysis 2 we used no random effects.  

Unexplained Variation 

As there is no R2 value for mixed models per se, we report R2 values using 

the fixed effects models here. Using the 30-second recording interval the fullest 

model with all interactions only explained 15% of the variation. The final model 

with only HDOP and rain explained 11% of the variation (R2 = 0.1142; Adjusted 

R2 = 0.1109), while R2 values for log transformed HDOP, weather, and total basal 

area were 0.0852, 0.0486, and 0.0112 respectively. At the 60-second recording 

interval the final model explained 13% of the variation (R2 = 0.1308; Adjusted R2 

= 0.1275).  

The models that we examined did a rather poor job explaining variability. 

However, it is likely that the remaining errors are associated with multipath 

errors for which we have no concrete way to measure. We might improve our 

models by including some measure of signal to noise, but this was not readily 

available using Pathfinder Office. We used basal area as a proxy for forest cover, 

but this does not tell the entire story. Further research might consider comparing 
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different measurement techniques such as a measure of crown closure using 

densitometer, leaf area index meter, or using hemispherical photography to 

measure sky obstruction. The range of basal areas available to us could be a 

factor as well. Had we included points in the open as part of the analysis we 

would have probably seen higher R2 values. Naessett (2001) reports an R2 value 

of 0.227 for basal area, however minimum basal area was 5 m2/ha compared to 

18 m2/ha at our sites.  

STATISTICAL ANALYSIS 2: ANOVA ANALYSIS WITHOUT RAIN 

Model selection indicated that rain was a significant factor, and as we 

noted in the previous section could influence statistical comparisons especially 

between sites. Since there was confounding between rainy days and site, we 

removed rainy days from this dataset to isolate the other predictors. 

Throughout this analysis, we relied on analysis of variance (ANOVA). 

ANOVA is a test that asks whether there are any differences between the mean 

(Ramsey and Schaffer 2002) or in the case where the response variable is log 

transformed, the median. Therefore, we present medians with means in most 

tables. We used a commonly used confidence level of p < 0.05 to determine if 

there were statistically significant differences. In cases where there were 

significant differences we used the Tukey HSD test to determine which particular 

comparisons were significant. Tukey HSD assumes a normal distribution, equal 

variance, and equal sample sizes (Ramsey and Schaffer 2002). However, the 
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Tukey HSD function in R can handle mildly unbalanced datasets. Tukey HSD 

adjusts p-values for multiple comparisons, because when making multiple 

comparisons, there is a greater chance that a low p-value (p<0.05) will occur.  

Settings 

The influence of settings was generally insignificant both across all sites 

and within sites (Table 2.11). Only the 60-second recording interval at moderate 

2 was significant for predicting horizontal error (p=0.04), along with flat 2 at 1-

second and flat 1 at the 60-second interval (p=0.04). We think that these few 

slightly statistically significant results do not make a strong case for settings 

being significant in this study, especially considering that errors were higher for 

default settings at the flat 2 site. For all comparisons, differences in medians are 

never greater than 1-m suggesting that regardless of statistical significance these 

differences are also not practically significant for most purposes. It is only when 

comparing RMSE at the 95% confidence level that we detected larger differences 

between maximum and default settings. This raised the question of whether or 

not differences in variability are significantly different.  

Interval 

This simple ANOVA analysis examined the effect of recording interval on 

horizontal error across and within all sites for both settings (Table 2.12). The 

dataset was balanced in terms of recording interval across sites, dates, and times. 
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Since this data set was balanced, we used the entire dataset including rainy days. 

Across all sites for default settings, recording interval was statistically significant 

Table 2.11. Effect of receiver settings on horizontal error for all data, subset by 
recording interval and subset by recording interval and site. 

 

F: flat course; M: moderate course; S: steep course; ‘*’: p-values significant at the 95% confidence level; n: 
sample size; 1-sec: 1-second recording interval; NA: not applicable as there was not a second subset 

(p<0.0001, n=900). Using maximum settings recording interval was marginally 

significant (p=0.08, n=1800). The effect of recording interval on horizontal error 

Factor Subset 1 Subset 2 F-statistic P-value n Significance

Settings NA NA 0.08 0.78 2490

Settings 1-sec NA 1.35 0.25 498

Settings 5-sec NA 0.30 0.58 498

Settings 10-sec NA 0.18 0.68 498

Settings 30-sec NA 0.42 0.52 498

Settings 60-sec NA 2.77 0.10 498 .

Settings 1-sec F1 0.97 0.33 90

Settings 1-sec F2 4.17 0.04 90 *

Settings 1-sec M1 0.19 0.66 75

Settings 1-sec M2 0.52 0.47 78

Settings 1-sec S1 0.19 0.67 80

Settings 1-sec S2 2.75 0.10 85

Settings 5-sec F1 0.11 0.75 90

Settings 5-sec F2 0.09 0.76 90

Settings 5-sec M1 0.23 0.64 75

Settings 5-sec M2 0.38 0.54 78

Settings 5-sec S1 0.01 0.94 80

Settings 5-sec S2 1.41 0.24 85

Settings 10-sec F1 0.03 0.87 90

Settings 10-sec F2 0.09 0.76 90

Settings 10-sec M1 0.17 0.68 75

Settings 10-sec M2 0.29 0.59 78

Settings 10-sec S1 0.09 0.77 80

Settings 10-sec S2 0.35 0.56 85

Settings 30-sec F1 0.34 0.56 90

Settings 30-sec F2 0.09 0.77 90

Settings 30-sec M1 0.01 0.92 75

Settings 30-sec M2 0.06 0.81 78

Settings 30-sec S1 0.27 0.61 80

Settings 30-sec S2 2.47 0.12 85

Settings 60-sec F1 4.32 0.04 90 *

Settings 60-sec F2 0.25 0.67 90

Settings 60-sec M1 0.11 0.74 75

Settings 60-sec M2 4.50 0.04 78 *

Settings 60-sec S1 0.00 0.98 80

Settings 60-sec S2 1.69 0.20 85
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was only significant at sites flat 1 (p=0.04) and moderate 2 (p=0.001) when using 

default settings. Tukey range tests showed that a 1-second recording intervals 

could be significantly different than a 30- and 60-second recording intervals, but 

30- and 60-second recording intervals were never significantly different. Again, 

we note that there is an accumulating series correlation with this data. To 

confirm these results, we also randomly selected one recording interval from 

each visit, and conducted the same ANOVA analysis (n=540). We found that the 

same comparisons were significant in both analyses.   

Table 2.12. Effect of recording interval on horizontal error subset by site and 
settings  

 
F: flat course; M: moderate course; S: steep course; significance: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 ; n: 

sample size; 1-sec: 1-second recording interval 

 

Factor Subset1 Subset2 F-statistic P-value Significance n Significant Interval Comparisons

Interval NA Default 7.06 <0.0001 *** 900 1 x 30, 60; 5 x 60

Interval NA Maximum 2.06 0.0839 . 1800

Interval F1 Default 2.66 0.0353 * 150 1 x 60

Interval F1 Maximum 0.38 0.8214 300

Interval F2 Default 0.94 0.4401 150

Interval F2 Maximum 0.10 0.9833 300

Interval M1 Default 0.25 0.9109 150

Interval M1 Maximum 0.41 0.7991 300

Interval M2 Default 4.88 0.0010 ** 190 1 x 60; 5 x 60

Interval M2 Maximum 0.83 0.5073 300

Interval S1 Default 0.50 0.7326 150

Interval S1 Maximum 0.22 0.9295 300

Interval S2 Default 1.17 0.3282 150

Interval S2 Maximum 1.17 0.3222 300
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Settings*Interval 

In the previous analysis, we observed that the effect of recording interval 

varied depending on settings, which might insinuate an interaction between the 

two factors. Lastly, we conducted 2-way ANOVA to examine whether there was 

an interactive effect between recording interval and settings. We examined p-

values and performed extra sum of squares F-test to investigate whether there 

was a significant interaction between these two variables across the entire data 

set and within sites. Since more data was collected using default settings on rainy 

days, we used the data set with rainy days removed (n=2490). Both across and 

within each site we found no significant interaction between settings and 

interval. 

Site 

We conducted simple ANOVA tests using site as the predictor variable in 

the model and calculated f-statistics and p-values for each statistical comparison 

(Table 2.13). For lack of space, we refer to the sites as S (steep) M (moderate), 

and F (flat).  

We conducted this analysis with rainy days removed from the data. There 

were significant differences between the flat 2 and moderate 2 courses at the 1-

second interval for both default and maximum settings, and differences between 

the steep 1 and flat 1 course at the 60-second recording interval. The differences 

between medians between some sites were not as great with the rainy days 
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removed, but we did observe some differences between steep/moderate courses 

and the flat courses.   

Table 2.13. Statistical significance for site with rainy data removed for all data, for 
data subset by recording interval and for data subset by recording interval and 

settings. 

 
F: flat course; M: moderate course; S: steep course; significance: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 ; n: 

sample size; 1-sec: 1-second recording interval; Default: default settings; Maximum: maximum settings; NA: 
not applicable as there was not a subset or second subset 

STATISTICAL ANALYSIS 3: DIFFERENCES IN VARIABILITY 

 Until now, we have only formally examined differences between medians. 

However, while mean and median differences between default and maximum 

settings are often unsubstantial, differences in standard deviations when using 

maximum settings sometimes double and nearly triple those when using default 

settings (Table 2.3). In order to determine if statistically significant differences in 

Factor Subset1 Subset2 F-statistic P-value n Significance Significant Site Comparisons

Site NA NA 13.46 <0.0001 2490 *** S1 x F2, F1, S2; M1 x F2, F1; M2 x F2, F1, S2

Site 1-sec NA 3.11 0.0090 498 ** F2xM2

Site 5-sec NA 2.42 0.0349 498 *

Site 10-sec NA 1.58 0.1627 498

Site 30-sec NA 2.61 0.0239 498 *

Site 60-sec NA 4.92 0.0313 498 *

Site 1-sec Default 1.36 0.2415 158

Site 1-sec Maximum 3.09 0.0097 340 ** F2xM2

Site 5-sec Default 1.16 0.3296 158

Site 5-sec Maximum 1.86 0.1017 340

Site 10-sec Default 1.04 0.3983 158

Site 10-sec Maximum 0.79 0.5592 340

Site 30-sec Default 2.10 0.0684 158 *

Site 30-sec Maximum 1.39 0.2281 340

Site 60-sec Default 3.28 0.0076 158 ** S1*F1

Site 60-sec Maximum 1.52 0.1829 340
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variance when comparing settings existed where differences in medians did not, 

we conducted two tests: 1) the F-test for equal variance and 2) Levene’s test 

(Ramsey and Schafer 2002). As discussed in model selection, we determined that 

rainy days had potential to confound our data. Consequently, we eliminated rainy 

days from this data set (n=210). F-tests between settings for horizontal 

difference were generally significant (Table 2.14). However, the F-test to 

compare two variances is not robust against departures from normality, while 

Levene’s test is. Using Levene’s test, we generally did not observe any significant 

differences in variability between maximum and default settings. Only across all 

sites at the 60-second recording interval was variability in horizontal error for 

maximum settings significantly higher than default settings. At the 1-second 

recording interval at the flat 2 site, we observed the opposite that variability 

when using the default setting was significantly higher than when using the 

maximum setting. It is possible that we only detected differences at the 60-

second recording interval because the variability in the variability is too high at 

the lower recording intervals. At the 60-second interval, the difference in 

variability was still substantial, but the variability in the variability was reduced 

enough that we could detect a significant difference. At any rate, we believe that 

the higher RMSE95 values for maximum settings especially when it is raining 

might be of some concern. 
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Table 2.14. P-values for F-tests for equal variance and Levene’s test 

 
F: flat course; M: moderate course; S: steep course; p-values are significant at the 95% confidence level when 

p<= .05; 1-sec: 1-second recording interval; NA: not applicable as there was not a subset  

ELAPSED TIME 

In general, wait times were shorter on the flat courses than on the steep 

and moderate courses (Figure 2.14).  

 

Figure 2.14. Comparison of wait times between sites for all data. 

Factor Subset 1 Subset 2 F-Test Levene's Test

Settings 1-sec NA < 0.0001 0.8938

Settings 30-sec NA < 0.0001 0.1358

Settings 60-sec NA < 0.0001 0.0037

Settings 1-sec F1 0.0309 0.3081

Settings 60-sec F1 0.0049 0.1490

Settings 1-sec F2 < 0.0001 0.0105

Settings 60-sec F2 0.0643 0.5053

Settings 1-sec M1 0.0004 0.6549

Settings 60-sec M1 0.0021 0.2349

Settings 1-sec M2 0.0005 0.3517

Settings 60-sec M2 < 0.0001 0.1142

Settings 1-sec S1 0.0958 0.2338

Settings 60-sec S1 0.0137 0.0586

Settings 1-sec S2 0.5012 0.7891

Settings 60-sec S2 0.0086 0.2284
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Wait times were considerably longer when using default settings (Figure 

2.15). 

 

Figure 2.15 Comparison of wait times between default and maximum settings. 

A severe violation of normality prevented us from conducting ANOVA and 

t-tests. Neither log transformations nor square root transformations helped with 

this violation. Therefore, we used the Wilcoxon rank sum test to analyze whether 

the differences between elapsed time as predicted by settings was statistically 

significant. The Wilcoxon rank sum test is similar to a standard t-test in that it 

tests the null hypothesis that two averages are not equal. A p-value that is less 

than 0.05 indicates that we can reject the null hypothesis and the two averages 

are statistically different. The important difference between the two tests is that 

the Wilcoxon rank sum test is a nonparametric test and is resistant to data 

distribution departures from normality.  
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For non-rainy days, we examined whether settings significantly affected 

elapsed time for all recording interval by site combinations and found all 

comparisons to be statistically significant (p<0.01)(Table 2.15). For some 

comparisons, there were high numbers of ties preventing R from calculating 

exact p-values. We note these cases with an asterisk, but present the approximate 

p-values that R calculated.  

Table 2.15. Effect of settings on wait times using Wilcoxon rank sum test. 

 
F: flat course; M: moderate course; S: steep course; * indicates that due to a high number of ties, R could not 

calculate an exact p-value ; n: sample size; 1-sec: 1-second recording interval; NA: not applicable as there 
was not a subset 

 

Factor Subset 1 Subset 2 W-Statistic P-value n

Settings 1-sec NA 5526 <.01 357

Settings 30-sec NA 4508 <.01 357

Settings 60-sec NA 4131 <.01 357

Settings 1-sec F1 461 <.01 88

Settings 1-sec M1 160 <.01 71

Settings 1-sec M2 73* <.01 58

Settings 1-sec S1 68* <.01 57

Settings 1-sec S2 473 <.01 83

Settings 30-sec F1 398 <.01 88

Settings 30-sec M1 114 <.01 71

Settings 30-sec M2 47* <.01 58

Settings 30-sec S1 44* <.01 57

Settings 30-sec S2 406 <.01 83

Settings 60-sec F1 393 <.01 88

Settings 60-sec M1 108 <.01 71

Settings 60-sec M2 34* <.01 58

Settings 60-sec S1 25* <.01 57

Settings 60-sec S2 368 <.01 83
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BIAS 

 Receiver bias has been described in several GPS studies on vertical 

accuracy (Wing and Eklund 2008, Wing and Frank In press), where vertical GPS 

bias is the magnitude of non-absolute vertical error that is greater than or less 

than zero. We have not seen bias described in horizontal studies, but report both 

non-absolute northing error and non-absolute easting error. We calculated the 

differences in the northings and the eastings by subtracting the GPS estimate 

from the survey marker location. Therefore, a negative value for the difference in 

northing or easting would indicate that there is a bias in the GPS estimate. Across 

all sites and aspects, we found that GPS receivers biased their estimates 0.5 m to 

the north and 0.1 m to the west of the check locations. This is an interesting 

result, as given the number of observations (i.e. multiple visits to each point 

across several days), we would expect north and east differences to be closer to 

zero. However, we suspect that this result is because the southern sky was 

generally obscured from view. The higher proportion of satellites in the northern 

sky appeared to pull the GPS estimate in that direction. This result could have 

important ramifications when conducting area surveys on steep slopes where a 

half meter bias over a thousand feet or so could cause over-estimates in area. 

However, our data only makes a mild case for this assessment. This hypothesis 

would need to be further tested with a greater variety of aspects.  
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SUMMARY and CONCLUSION 

We examined mapping-grade receiver accuracy in second-growth 

Douglas-fir forest across a wide range of slopes and basal areas. We made 

multiple visits to each site in order to minimize the effect of the time of day, 

which primarily influences the satellite constellation geometry. During the course 

of these visits we varied receiver settings. In addition, we examined how 

recording interval affected GPS errors. We found: 1) Although differences in 

median GPS settings were generally not statistically significant, there were higher 

mean errors, standard deviations, RMSE values when using maximum settings; 2) 

Increasing the recording interval improved GPS accuracy (reduced errors); 3) 

Some sites showed considerably higher errors leading us to believe that factors 

such as basal area play a role in reducing accuracy; 4) Wait times were 

considerably longer when using default settings; 5) Weather, HDOP, and basal 

area at lower recording intervals significantly affected horizontal error. We 

believe that using utilizing maximum settings (PDOP = 20; SNR = 33; and 

minimum elevation (5 degrees) and a maximum recording an interval of 30 is 

suitable for most forestry applications. However, one should be cautious as rainy 

weather can lead to higher errors.  

Across all sites at the 30-second recording interval, we found average 

errors of 2.4 m and 2.9 m for default and maximum settings respectively. 

Likewise, we found RMSEs of 3.0 m and 4.0 m and RMSE95 of 5.2 m and 6.8 m. 

Average error and RMSE using default settings were noticeably higher than the 
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average error (1.4 m) and RMSE (2.2 m) observed at the young forest course 

(Wing and Frank 2011). It is likely that basal area can explain some of these 

differences. Basal area at the young forest course was 24 m2/ha, compared to 45 

m2/ha on average across the sites at this study. We note, however, that basal area 

may not tell the entire story, as the young forest course had a considerable 

lodgepole pine component.  

Five of our sites were in second-growth Douglas-fir forest, where the 

hardwood component was never greater than 10% of the total basal area. One 

site (moderate 1), had old-growth characteristics, greater tree heights, and a 

second, lower grand fir canopy, although it had been classified as second-growth 

Douglas-fir forest. Average site basal areas ranged from 41 to 60 m2/ha and 

average slopes ranged from 20% to 65%. We found that across these sites, basal 

area consistently affected accuracy, while the effect of slope was minimal. 

 Recent work at an open setting utilizing GeoXH mapping grade receivers 

found average error after differential correction was 0.2 m (Wing and Frank 

2011). Further research at an open site, concurrent with what we present here, 

confirmed these results (Wing and Frank unpublished). As such, we would 

assume that the combined GeoXH error budget for satellite clock and 

perturbation error, ephemeris error, ionospheric error, and electromagnetic 

noise after differential correction was on average not more than 0.2 m. The 

research that we present here was conducted exclusively under second-growth 

Douglas-fir forest, and we propose that the increase in error over 0.2m was most 
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likely due to multipath error, weather, and a loss in satellite availability due to 

forest and weather.          

Although, our sites were all established within the confines of the 

McDonald forest, we believe that these receivers would perform similarly in 

other second growth Douglas-fir forests. We can only speculate, but believe it is 

reasonable to assume that in monoculture, Douglas-fir forest, where slopes and 

basal areas fall in the range of the sites in this study we would observe similar 

results. We must also remind the reader here that sites were established on 

predominantly north facing aspects under the assumption that satellites are 

more readily available in the southern sky. On south facing slopes, we may 

observe a slight increase in accuracy and a reduction in wait times (elapsed 

time). Other research has suggested that slope position may have a significant 

influence over GPS accuracy. Our sites were almost entirely established mid-

slope, so our results would probably not extend to some low lying areas (i.e. 

riparian zones) where terrain obstructs satellites on more than one side. Wait 

times and errors may both increase in these areas.  

We also examined RMSE at the 95% confidence level across a variety of 

sites, recording intervals, and settings, which we hope will help guide the users of 

mapping-grade receivers in balancing productivity with accuracy. Depending on 

the application, site, and weather different combinations of settings and 

recording interval may or may not be sufficient. For example, we found RMSE95 

as high as 13.6 m at the moderate 1 course using maximum settings and a 1-
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second recording interval. This value dropped to 7.2 m when using a 60-second 

recording interval. Weather influenced these results, as RMSE95 was 14.6 m on 

rainy days and 8.6 m for non-rainy days for steep and moderate sites. We also 

observed statistically significant differences in variability at the 60-second 

recording interval suggesting that there are differences in variability when using 

different settings. Users may want to consider using different settings and longer 

recording intervals under rainy weather conditions.  

Across all sites, the RMSE95 at the 60-second recording interval when 

using maximum settings was 6.5 m, and average wait times were 71 seconds, 

implying that the receivers recorded data with little interruption. One 

consideration is whether the increase in accuracy from 6.8 m to 6.5 m is worth 

the added wait time incurred gathering 30 additional GPS positions.  For many 

applications, these errors would be acceptable, and the added wait times 

incurred using defaults settings would be unnecessary. If the user were 

interested in mapping a field plot, assuming that the plot center will be marked in 

some obvious way, such as flagging or paint, it would be relatively easy to find the 

plot even if it is approximately 10 m away. In this case, increasing recording 

interval may not be necessary. However, for some applications, such as high 

order survey work, like running property lines or surveying roads for widening 

or earthwork, a mapping-grade receiver such as this one, in a forested setting, 

would not be adequate. Likewise, for locating points for purposes such as 

corroborating 1-m digital elevation models (DEMs), these receivers and settings 
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would not be appropriate. However, noting the decreasing trend in GPS error 

from 1 to 60, we wonder how increasing recording interval might significantly 

improve our accuracy. Likewise, GPS data collection settings can be made stricter 

(i.e. lowering maximum PDOP below 6, and increasing SNR above 39) in order to 

improve accuracies, but this would incur longer wait times in the woods.  

The receivers that we used were high order mapping-grade receivers. We 

found that the average mean errors and RMSE95 values were probably suitable 

for most applications in forestry. However, they are not suitable for work that 

requires sub-meter accuracy, or even sub-5-meter accuracy at the 95% 

confidence level, at least when using shorter recording intervals. GPS has made 

significant improvements since its inception in the 1980s and we can only 

surmise that it will continue to improve. However, due to the inability to mitigate 

multipath errors completely, it may be some time before high order work can be 

performed with similarly configured mapping-grade receivers in dense forests.   
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CHAPTER 3: GPS ACCURACY AND EFFICIENCY IN ESTIMATING AREA and 
PERIMETER 
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INTRODUCTION 

A common application for the global positioning system (GPS) in forest 

management is estimating timber sale area and perimeter. It is crucial that 

estimates of land area are accurate, especially in the case where timber managers 

are implementing a random sample design to estimate timber volume as 

measurement inaccuracies will lead to over- or underestimation. Land managers 

also use area estimates for monitoring purposes, to prepare contracts, and 

appraise timber sales (USDA 2000). Accurate perimeter measurements are 

necessary for preparing contracts and estimating resource needs for marking the 

perimeter of a timber sale.   

In western Oregon, land management agencies such as the Bureau of Land 

Management and the U.S. Forest Service have recently adopted GPS receivers to 

conduct forest area and perimeter surveys and have met with mixed results. In 

dense Douglas-fir forests on steep slopes, measurement accuracies can be poor 

and collection times very high. In some cases, BLM employees have abandoned 

GPS receivers for other methods due to long collection times. Changing GPS 

settings can significantly shorten collection times (Frank and Wing,  chapter 

2),but little is known as to how much this degrades area estimates under dense 

forests where GPS signals reflect off of trees and terrain and cause multipath 

errors. This uncertainty makes GPS users hesitant to loosen settings for fear of 

obtaining inaccurate results.  
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Relatively little research has examined the capability of GPS receivers to 

estimate area and perimeter. The objectives of this study were to: 1) Quantify 

area and perimeter estimate errors across a range of slopes, basal areas, and 

weather conditions, while varying receiver settings and recording intervals; 2) 

Determine the most effective combination of settings and recording intervals as a 

function of area error and wait time; and 3) Compare these methods in terms of 

cost effectiveness to other surveying methods. These results will help timber 

managers evaluate the most effective method for surveying timber sale areas in 

terms of GPS receiver efficiency and accuracy.  

BACKGROUND 

COMMON SURVEYING TECHNIQUES 

In addition to GPS, foresters commonly implement several different types 

of surveying techniques to estimate land area. Traditionally, foresters used a 

handheld compass, clinometer, and some sort of distance measuring device such 

as a chain, measuring tape, or string box. However, surveying has evolved and 

many surveyors at present employ some type of electronic distance measuring 

device (EDM) in conjunction with a digital compass. With the exception of the 

string box method, these techniques require two people, a person to set a target, 

or head chain, and a person who operates the surveying equipment, or rear chain. 

When using EDMs, the target generally consists of a prism set on a range pole, 

which will reflect the laser from the EDM. Handheld laser range finders and some 
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digital total stations are examples of EDMs that can operate with or without a 

prism or reflective device placed on a target. EDMs often come with some sort of 

recording device, which can download data to a computer. This increases 

efficiency and cuts down on errors due to transcribing data, which would be 

inherent in traditional methods.  

In recent years, resource managers have started using both consumer- 

and mapping-grade GPS receivers to map timber sale boundaries and estimate 

area. These two receiver types vary in cost and accuracy. Consumer –grade 

receivers commonly cost between $100-$400 (Wing and Kellogg 2004) and 

under closed canopy Douglas-fir forest have average errors of 9 m or less (Wing 

2008a). The cost of mapping-grade receivers, commonly range between $2,000 

and $12,000 (Wing and Kellogg 2004), but extra costs equate to better hardware 

and reduced errors. The best performing receivers have average errors of 1.2 m 

(Wing et al. 2008) and 2.1 m (Frank and Wing, chapter 2) in second growth 

Douglas-fir forest using default settings and a 60-second recording interval. 

Mapping-grade GPS receivers are also capable of filtering positions based on 

three primary categories: 1) dilution of precision (DOP), 2) signal to noise ratio 

(SNR), which measures the relative quality of the signal and 3) the minimum 

angle between the horizon and the satellite. DOP can be further divided into 

position dilution of precision (PDOP) and horizontal dilution of precision 

(HDOP), which are both measures of satellite geometry. PDOP includes a vertical 

component while HDOP is only relevant to the horizontal.   
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GPS  

The global positioning system (GPS) consists of 24 NAVSTAR (Navigation 

Satellite Timing and Ranging) satellites that are operated by the Department of 

Defense. These 24 satellites orbit the earth nearly every 12 hours and are 

configured on six orbital planes inclined at 55⁰ (Leick 1990). GPS satellites 

transmit electromagnetic signals that travel at a rate of 299,792 km/s (Kennedy, 

2010). Since satellites and receivers are both equipped with precise clocks and 

we know the rate at which the signals travel, GPS receivers can calculate the 

range about the satellite or distance the signal travelled to the receiver. GPS relies 

on a process called trilateration, where ranges create spheres about observable 

satellites. With a minimum of four satellites, GPS can estimate a position (latitude 

and longitude) and elevation where these spheres overlap. 

In the open, GPS signals are subject to ionospheric interference, primarily 

due to solar radiation and tropospheric interference primarily in the form of 

moisture. Through the process of differential correction, GPS can generally 

correct for ionospheric interference.  

Differential correction (DGPS) applies a correction to the measurements 

either in real time or during post-processing. Differential correction relies on a 

second more accurate GPS receiver or base station, which improves accuracy of 

the other receiver (Wing and Frank, 2011; Wells et al. 1996 as cited in Liu and 

Brantigan 1995). The base station continuously collects data and since it has 
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done so for a very long time in the open, we can assume that it knows the true 

location to less than a centimeter. Every second it records its perceived location, 

which is being influenced by the atmosphere. Differential correction applies the 

difference between the known location and the instantaneous perceived location 

estimate to the receiver at the unknown location (Kennedy, 2010). While 

differential correction is suited for eliminating ionospheric interference, it is not 

capable of eliminating interference from moisture and multipath errors. 

Multipath error results when part of a signal bounces off an object before 

reaching a receiver. This can result in two or more parts of a signal reaching the 

receiver at different times (Kennedy 2010). The delay in the misdirected portion 

of the signal can be a considerable source of error under forest canopy. In 

addition to multipath error, trees can reduce the number of available satellites, 

which reduces accuracy. Mapping-grade GeoXH receivers made simultaneous 

observations at an open course, where basal area was 0 m2/ha and in a closed, 

2nd  growth Douglas-fir forest where basal area was  approximately 60 m2/ha 

(Wing and Frank unpublished). Errors for 1-second observations at the open 

course were 0.3 m on average. At the closed course, errors were 2.6 m on 

average. Considering the methodology used, the combination of a reduction in 

the number of satellites due to complete obstruction and the increase in 

multipath error most likely lead to this increase in horizontal error. 
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There are two common observation modes used in GPS surveying: static 

and kinematic (Liu and Brantigan 1995). Kinematic surveying implies that the 

GPS receiver is in motion during a survey, while static implies that the receiver 

stays in one point for a certain amount of time. As such during a kinematic 

survey, the receiver continuously collects position estimates as the surveyor 

walks around the perimeter. During a static survey, the surveyor makes a GPS 

observation by collecting a predetermined number of GPS positions, walks to the 

next point, which normally represents a turn in the boundary, and makes another 

observation. 

STANDARDS FOR AN ACCEPTABLE TRAVERSE 

The USDA Forest Service Timber Cruising Handbook (USDA 2000) offers 

guidelines for what is acceptable error in terms of area determination for a 

closed traverse. Chapter 50, line 52.11 states that traverse error closures must 

not exceed 1:50 for areas of 20 acres or less or 1:100 for areas greater than 20 

acres. It is not possible to calculate closure error for GPS, and the document 

provides no standard for percent area error. Rather than provide such a measure, 

the document suggests using a PDOP no greater than 6, a minimum elevation of 

15 degrees, and the manufacturer’s recommendation for signal quality. The 

document also states that if error closure standards are not met, one may 

conduct a verification survey, where the difference in errors between the two 

surveys may not exceed 10%. A separate Forest Service document uses a 
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standard of 5% area error for an acceptable traverse (USDA 1993 as cited in Liu 

and Brantigan 1995). As we were unable to find any other standard for assessing 

area errors, we adopted this as our metric for an acceptable traverse as well.  

AREA LITERATURE REVIEW 

Gerlach and Jasumback 1989 (as cited in Liu and Brantigan 1995) at a 

4.38-acre (1.77-ha) course reported mean and maximum errors of 2.5% to 9.4% 

when using kinematic DGPS. When using static GPS, the mean and maximum 

errors were 3.5% and 8.0%. Liu and Brantigan (1995) also assessed the accuracy 

of kinematic DGPS to estimate the areas of eight different units ranging from 

6.918 acres (2.801-ha) to 42.235 acres (17.099-ha). Absolute percent difference 

in area ranged from 0.007% to 3.242%. They compared this to the compass and 

chain method where average absolute errors were 4.924% and 3/8 of these 

values exceeded 5%, which is a standard of acceptance set by the US Forest 

Service (USDA 1993 as cited in Liu and Brantigan 1995).  

Kiser et al. (2005) compared the efficiencies and accuracies of four 

different measurement techniques under closed canopy Douglas-fir forest. These 

included 1) a string box with compass and clinometer; 2) a Juniper Allegro laser 

with a digital compass and data collector; 3) a Tripod Data Systems Ranger laser 

with a digital compass and data collector; and 4) kinematic DGPS. Data collected 

using these three measurement techniques were compared to a benchmark 

method, which consisted of using a digital total station. Percent area errors 
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averaged 3.7% for both the GPS and string box methods, while percent area 

errors were less than 1% using a laser. Closing errors on average were 1.150% 

for the string box methods, 2.650% using the laser methods, and 0 .012% using 

the total station.   

Time, labor, and equipment costs were also assessed for each method. 

Costs were as high as $86.52/acre ($213.70/0.4-ha) using the total station to as 

low as $11.67/acre ($28.82/0.4-ha) using the string box. The GPS method cost 

$38.86/acre ($95.98/0.4-ha). 

TIME and COST EFFECTIVENESS 

One way to assess cost-effectiveness is to multiply the error by the time 

(Liu and Brantigan1995) or cost (Kiser et al. 2005). Liu (1995) suggests the 

following formulas:  

                                                    

and 

                                  , 

where i represents which traverse is being measured. In this case, effectiveness is 

the total of all traverses. Kiser et al. (2005) used mean effectiveness, which was 

the average effectiveness for all traverses. Although counter-intuitive, a lower 

effectiveness value is considered more effective. This approach assigns equal 
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weights to both parameters, but depending on needs, resource managers could 

weight these parameters as they see fit. 

Liu and Brantigan (1995) compared the effectiveness of the chain and 

compass method to GPS receivers under both leaf-on season using three 

dimensional (3D) position solutions and leaf-off season using two dimensional 

(2D) position solutions. This methodology assumed that effectiveness was a 

function of time and absolute percent area error, but did not assess the initial 

cost of the receivers. It was found that kinematic DGPS was more effective than 

the compass and chain method for both seasons.  

Kiser et al. (2005) calculated mean effectiveness across 16 forest patch 

cuts for each survey method as a product of total cost and percent closing error, 

and found that the lowest mean effectiveness was for the total station (94) 

despite the fact that costs were more than five times that of any other method. 

Mean effectiveness for the string box was 1169 and highest using lasers at 2861 

and 3174. No mean effectiveness value was calculated for GPS because closing 

error was not an appropriate measure for this method.  

METHODS 

SITE DESCRIPTION 

We established six permanent test course loops within six distinct stands 

in the McDonald research forest located just northwest of Corvallis, OR. Test 
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course loops were located within second-growth Douglas-fir forest. Average 

basal areas by site ranged from 40 to 60 sq-m/ha (176-262 sq-ft/acre), average 

slopes ranged from 20 to 65 percent, and aspects were generally north facing. 

Sites were categorized by slope using the following criteria: 1) flat: 0-27 percent; 

2) moderate: 27-54 percent; and 3) steep: > 54 percent (Table 3.1). Within each 

slope category, we established two GPS test course loops approximating one acre 

in size, and delineated the perimeter of each test course loop using 10 permanent 

survey markers. 

Table 3.1. Description of each test course. 

 
 

TEST COURSE ESTABLISHMENT                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Survey-grade GPS receivers are capable of sub-centimeter accuracy when 

long observations are taken in the open (Wing and Kellogg 2004), and are 

commonly used for high order surveying work and establishing control. 

However, as is the case with mapping-grade receivers, survey-grade receivers are 

subject to multipath error in forests leading to poorer accuracy. As such, it was 

preferable to locate openings free from obstruction from trees so that multipath 

ft2/Acre m2/ha

Flat 1 0.49 265.3 20 296 176 40 67

Flat 2 0.50 274.6 25 75 214 49 81

Moderate 1 0.48 268.2 39 36 226 52 153

Moderate 2 0.43 244.2 44 309 262 60 74

Steep 1 0.41 259.2 61 12 200 46 58

Steep 2 0.39 238.6 65 44 178 41 57

Age
Average BAArea 

(hectares)

Perimeter 

(meters)
Site Average 

Slope (%)

Aspect 

(degrees)
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error was minimized. At these locations, we ran two eight-hour observations 

using survey-grade HiPer Lite Plus receivers to establish accurate survey marker 

coordinates. We utilized the Online Positioning User Service(OPUS) (National 

Geodetic Survey 2010b) to resolve coordinates using the Universal Transverse 

Mercator map projection (Zone 10 North, North American Datum 1983.)  

We used a Nikon total station to conduct a closed traverse survey and 

obtain coordinates for the center point of our test course. Utilizing the two 

known survey-grade GPS control points for each site, we rotationally aligned the 

total station. For each traverse, we used Traverse XL (Fredericks and Wing 

2006), which utilizes the compass (Bowditch) rule to adjust departures and 

latitudes (Wolf and Ghilani 2002). All linear misclosures for these traverses were 

10cm or less.  

We used a radial traverse method in order to establish the test course 

perimeters (Edson and Wing In press). We used coordinates and survey markers 

established by our closed traverse to establish the total station orientation for set 

up and to back sight in order to register azimuth. We then used the total station 

to measure azimuth and distance to each survey marker along the perimeter. 

After surveying the test course loop, we conducted a final check on the first point 

to ensure that the total station remained stationary while surveying. If the 

distance between the final check and the original shot exceeded 1-cm, we re-

measured the test course loop.  
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CALCULATING AREA 

We used the “coordinate method” (Wolf and Ghilani p. 305) to calculate 

area, and double-checked our results by calculating area using the calculate 

geometry tool in ArcMap. Calculating area by coordinates follows the following 

formula:  

                                      , 

where X and Y are coordinates on the X and Y axes for points A through J. We 

used the total station measurements to establish comparative coordinates, 

perimeter (meters), and area (hectares) for this study.  

GPS TESTING 

Using Trimble Geo XH mapping-grade receivers equipped with a Zephyr 

antenna, we surveyed each test course loop 9 times. A survey consisted of 

collecting 60 uncorrected positional fixes at each of the 10 survey markers. For 

each survey we used one of two settings: 1) default (SNR: 39; min elevation 15 

degrees and PDOP: 6) and 2) maximum (SNR 33; minimum elevation: 5 degrees, 

and PDOP: 20). We configured all receivers to collect only pseudorange (C/A 

code) data.  

In order to avoid potential bias due to time of day, we made repeat visits 

to each test course between 8:00 a.m. and 3:00 p.m. The daily variability in GPS 

performance is dependent on satellite availability and position, so time of day is 
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not necessarily a good predictor; however, based on previous experience using 

GPS we assumed slightly poorer GPS accuracy and reliability in the afternoon 

hours, and wanted to have a representative sample of a typical workday. We 

conducted most of this fieldwork in the summer, and only 10% of our 

observations occurred while it was raining. We note from the previous chapter 

that rain can influence accuracy.  

DATA ANALYSIS 

We used Pathfinder Office (Trimble 2008a) to download data from the 

mapping-grade receivers. Positions were differentially corrected using a base 

station in Corvallis, OR located just 4km from the test course loops. These data 

were then exported to excel as individual positions where they were averaged 

into point estimates containing 1, 5, 10, 30, and 60 seconds of data. Using these 

data, we calculated area, percent area error (PAE), perimeter, percent perimeter 

error (PPE), and average horizontal error for each survey.  

We calculated Percent Area Error (PAE) using the following formula:  

    
                   

          
         

while we calculated percent perimeter error (PPE) as follows: 
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We used the absolute value of PAE (ABSPAE) and PPE (ABSPPE) for most of our 

analysis.  

STATISTICAL ANALYSIS 

As with the horizontal analysis (chapter 2), we observed that the data was 

not distributed normally, so we used a log transformation. This improved the 

distribution of the data; however, a qqplot still shows a slight violation. We used 

the Wilcoxon rank sum test to examine if the influence of settings on ABSPAE and 

ABSPPE were statistically significant. The Wilcoxon rank sum test is a 

nonparametric test that asks whether two means are significantly different.  

For the question of whether recording interval significantly influenced 

ABSPAE and ABSPPE, we utilized the Kruskal-Wallis test, which is similar in 

nature to ANOVA in that it permits comparisons between more than one group. 

Like the Wilcoxon rank sum test it is also robust against departures from 

normality. For both tests we used a standard cutoff of p= 0.05 to indicate if a 

comparison was significant at the 95% confidence level. 

As determined in the previous chapter, rainy days influenced our results 

for sites. Keeping this in mind, we performed all statistical analyses both with and 

without rainy day data. We found that whether we included rainy days or not 

minimally affected p-values for comparisons between sites and intervals. The p-

values that we present for these comparisons are those with all data included.  
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RESULTS and DISCUSSION 

Below, we present horizontal error (meters), ABSPAE, and ABSPPE by site, 

recording interval, and settings (Table 3.2). Across all sites and recording  

Table 3.2. Averages and standard deviations for ABSPAE and ABSPPE for each 
site, recording interval, and setting.  

 

FLAT1 2.4 2.8% 1.5% 1.2% 0.5% 2.3 2.8% 2.6% 1.4% 0.9%

1 3.0 3.7% 2.4% 1.4% 0.3% 2.5 3.6% 3.9% 1.7% 1.6%

5 2.7 3.2% 1.9% 1.2% 0.7% 2.4 3.0% 2.9% 1.3% 0.6%

10 2.6 2.9% 1.0% 1.3% 0.7% 2.4 2.7% 2.8% 1.3% 0.7%

30 2.0 2.6% 1.4% 1.4% 0.6% 2.1 2.0% 1.7% 1.2% 0.4%

60 1.5 1.5% 0.6% 1.0% 0.3% 2.2 2.7% 1.8% 1.6% 1.0%

FLAT2 2.7 1.6% 0.8% 1.4% 1.1% 2.1 2.5% 1.2% 1.4% 1.2%

1 3.4 1.5% 0.6% 2.4% 1.4% 2.1 2.2% 0.9% 1.7% 1.5%

5 3.0 2.0% 0.6% 2.0% 1.0% 2.1 2.2% 1.0% 1.7% 1.5%

10 2.8 2.3% 0.9% 1.7% 0.5% 2.1 2.4% 1.2% 1.4% 1.0%

30 2.2 0.8% 0.7% 0.5% 0.6% 2.1 2.8% 1.6% 1.1% 1.1%

60 2.0 1.3% 0.8% 0.3% 0.1% 2.0 2.8% 1.7% 1.1% 1.0%

MODERATE1 3.3 4.3% 4.1% 2.4% 2.0% 3.8 5.3% 6.7% 5.1% 7.6%

1 3.9 2.4% 0.5% 1.8% 0.6% 4.3 9.0% 9.3% 9.1% 9.8%

5 3.7 2.2% 1.7% 0.9% 0.4% 4.2 5.9% 8.7% 6.5% 10.1%

10 3.3 3.1% 2.3% 1.2% 0.3% 4.1 5.4% 7.6% 6.0% 9.2%

30 3.0 6.4% 5.6% 3.8% 2.7% 3.3 2.7% 2.1% 1.9% 1.2%

60 2.9 7.5% 6.3% 4.3% 2.7% 3.0 3.4% 2.8% 1.8% 1.8%

MODERATE2 2.9 1.5% 1.6% 1.2% 1.2% 3.6 2.8% 2.0% 5.3% 6.7%

1 4.0 2.2% 2.9% 2.6% 2.0% 4.1 2.3% 2.4% 6.2% 7.7%

5 3.1 1.5% 1.3% 0.8% 0.7% 3.8 3.4% 2.3% 6.7% 8.2%

10 2.8 0.9% 0.6% 0.6% 0.4% 3.7 3.6% 2.7% 5.8% 6.4%

30 2.4 0.7% 0.7% 0.7% 0.6% 3.3 2.3% 1.4% 4.3% 6.8%

60 2.0 2.4% 1.7% 1.3% 1.3% 3.2 2.3% 1.0% 3.6% 6.0%

STEEP1 3.0 3.1% 1.7% 0.8% 0.6% 4.1 3.9% 3.3% 4.5% 7.1%

1 3.3 3.9% 0.8% 0.8% 0.9% 4.4 5.2% 3.1% 5.4% 8.9%

5 3.1 3.5% 2.5% 0.9% 0.6% 4.4 5.1% 4.1% 5.7% 9.5%

10 3.0 3.1% 2.5% 0.8% 0.6% 4.2 5.1% 3.8% 5.0% 8.3%

30 2.8 2.3% 1.9% 0.7% 0.2% 3.9 3.0% 1.9% 3.7% 6.1%

60 2.5 2.7% 0.6% 1.0% 0.7% 3.7 1.4% 1.8% 2.8% 3.6%

STEEP2 2.4 3.3% 2.0% 2.0% 1.3% 2.7 3.0% 1.7% 1.6% 1.2%

1 2.8 3.6% 2.7% 3.2% 1.8% 3.0 3.9% 1.7% 1.7% 1.5%

5 2.6 4.0% 2.5% 2.1% 1.3% 2.9 3.5% 2.4% 1.9% 1.8%

10 2.5 4.5% 1.7% 1.2% 0.9% 2.6 2.8% 0.6% 1.6% 1.1%

30 2.0 2.5% 1.6% 1.7% 1.0% 2.6 2.7% 1.6% 1.3% 1.0%

60 1.7 1.8% 1.6% 1.6% 1.2% 2.4 2.3% 1.7% 1.3% 0.9%

Grand Total 2.8 2.8% 2.3% 1.5% 1.3% 3.1 3.4% 3.5% 3.2% 5.3%

Site / 

Interval

Average 

ABSPPE

SD 

ABSPPE

Average 

Error (m)

DEFAULT MAXIMUM

Area Perimeter PerimeterArea

Average 

ABSPPE

SD 

ABSPPE

Average 

ABSPAE

SD 

ABSPAE

Average 

Error (m)

Average 

ABSPAE

SD 

ABSPAE
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intervals there was a general increase in mean ABSPAE (2.8% to 3.4%, p=0.22, 

n=270) and mean ABSPPE (1.5% to 3.2%, p=0.07, n=270) when changing from 

default settings to maximum settings. In general, standard deviation was also 

higher for maximum settings than for default settings. When using default 

settings the standard deviation of ABSPAE was 2.3%, while when using maximum 

settings this value increased to 3.5%. Likewise, the standard deviation for 

ABSPPE increased from 1.3% when using default settings to 5.3% when using 

maximum settings.  

EFFECTS OF SETTINGS and RECORDING INTERVAL 

As recording interval increased from 1 to 60 seconds, mean ABSPAE 

decreased from 3.9% to 2.6% (p=0.21,n=270) and mean ABSPPE decreased from 

3.6% to 1.9% (p=0.20,n=270, Table 3.3). This shows the effect of interval across 

all sites. At this level, we observed a consistent decrease in mean ABSPAE and 

mean ABSPPE as recording interval increased. However, ANOVA does not show 

significant differences in the medians at the 95% confidence level. 

Table 3.3. Average and standard deviations for ABSPAE and ABSPPE for 
recording intervals with sites and settings combined. 

 

1 3.4 3.9% 4.1% 3.6% 5.5%

5 3.2 3.5% 3.6% 3.1% 5.6%

10 3.1 3.4% 3.3% 2.7% 4.8%

30 2.7 2.6% 2.1% 2.0% 3.2%

60 2.6 2.6% 2.4% 1.9% 2.6%

Grand Total 3.0 3.2% 3.2% 2.7% 4.5%

Recording 

Interval

Average 

Error (m)

Average 

ABSPAE

SD 

ABSPAE

Average 

ABSPPE

SD 

ABSPPE
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Using maximum settings ABSPAE decreased from 4.4% to 2.5% (p=0.38), 

while mean ABSPPE decreased from 4.3% to 2.0% (p=0.38) (Table 3.4). Using 

default settings, increasing recording interval did not influence ABSPAE (p=0.63, 

n=90) or ABSPPE (p=0.27, n=90). Mean ABSPAE decreased from 2.9% to 2.5% at 

the 30-second recording interval, but increased to 2.9 % at the 60-second 

recording interval, while mean ABSPPE decreased from 2.0% to 1.1% at the 10-

second recording interval, but then increased to 1.6% at the 60-second recording 

interval. 

For default settings, we observed mean increases in ABSPAE and ABSPPE 

at the 30 and 60-second recording intervals. Of course, if our dataset had been 

larger we would expect a decreasing trend for default settings. However, due in 

part to the changing satellite constellation there was always a chance that GPS 

accuracy would decrease over the course of a 60-second observation. This 

occurred on occasion during the course of this study. 

Table 3.4. Averages and standard deviations for ABSPAE and ABSPPE for GPS 
settings and recording intervals.  

 

It is interesting that even though average errors decreased consistently, 

mean ABSPAE and ABSPPE did not, showing that horizontal error is not always a 

1 3.4 2.9% 1.9% 2.0% 1.4% 3.4 4.4% 4.8% 4.3% 6.5%

5 3.1 2.8% 1.8% 1.3% 0.9% 3.3 3.9% 4.2% 4.0% 6.6%

10 2.8 2.8% 1.8% 1.1% 0.6% 3.2 3.7% 3.8% 3.5% 5.7%

30 2.4 2.5% 2.9% 1.4% 1.6% 2.9 2.6% 1.6% 2.2% 3.7%

60 2.1 2.9% 3.2% 1.6% 1.7% 2.8 2.5% 1.8% 2.0% 2.9%

Recording 

Interval

MAXIMUMDEFAULT

Average 

ABSPAE

SD 

ABSPAE

Average 

ABSPPE

SD 

ABSPPE

SD 

ABSPAE

Average 

ABSPPE

SD 

ABSPPE

Average 

Error (m)

Average 

Error (m)

Average 

ABSPAE
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good predictor of area error. In order to determine how well horizontal error 

predicted ABSPAE and ABSPPE, we took the square root of the response variable 

in the case of ABSPAE to best approximate normality. Using simple linear 

regression, horizontal error was significant (p<0.0001). R2 was only 0.20, 

inferring that quite a bit of the variability was left unexplained. In the case of 

ABSPPE, horizontal error was also significant (p<0.0001) and explained more 

variability (R2 = 0.59).  

Examining the data a little bit more closely we noticed that when using 

default settings at the moderate site, recording interval increased from 1 to 60, 

average horizontal error decreased from 3.9 to 2.9% yet ABSPAE increased from 

2.4 to 7.5%. We found one observation in particular that caused high percent 

area error (Figure 3.1). In some cases, although horizontal errors are higher, 

points can be arranged in such a way that PAE are not as high. On the other hand, 

one point with a higher error can significantly affect the area error estimates, 

particularly at the scale with which we were working (all six test course loops 

were approximately 0.4-ha ). With larger sale areas, we would expect to observe 

the same average horizontal errors with increased area errors, but decreased 

percent area errors.  

AREA BIAS 

We also examined whether there appeared to be any bias in area and 

perimeter estimates. Since we measured the differences in perimeter and area 



98 

 

 

error by subtracting the estimate from the check values (total station), a positive 

value would indicate that the check area or perimeter would be greater than the 

GPS estimate while a negative value would indicate that the GPS estimate is 

greater than the check.  

Across all sites, recording intervals, and both settings we observed a 

negative area bias of -1.3%, indicating that GPS tended to overestimate area. We 

also observed a negative perimeter bias of -2.2% indicating that GPS also tended 

to overestimate perimeter estimates.  

TIME 

Below (Table 3.5), we present walk times (min), wait times (min), 

traverse times (min) and rates (m/min) for both settings for each site/interval 

combination. Unfortunately, time data was recorded improperly at the flat 2 

course so they are presented as NAs. We removed these ABSPAE values from our 

dataset for the analysis of mean effectiveness. Walk times were longer at the 

steep courses. Average wait time was generally longer as slope increased, with 

the exception of the steep 2 course, which had longer wait times than at the flat, 

courses but shorter than both moderate courses. It is likely that the lower 

average basal areas on this course decreased wait times.  

We also condensed this data to examine the traverse times and rates 

solely as a function of recording interval and settings (Table 3.6). Traverse times 
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increased significantly (conversely, rates were halved) as recording interval 

increased. Likewise, wait times were considerably longer using default settings. 

Table 3.5. Traverse, wait, and walk times in minutes by site, recording interval, 
and setting. 

 

FLAT1 0.5 265.3 16.8 9.3 26.1 10.2 4.0 20.8 12.8

1 0.5 265.3 16.8 4.1 20.9 12.7 0.5 17.3 15.3

5 0.5 265.3 16.8 5.1 21.9 12.1 1.2 18.0 14.7

10 0.5 265.3 16.8 6.3 23.1 11.5 2.1 18.9 14.1

30 0.5 265.3 16.8 12.2 29.0 9.2 5.5 22.3 11.9

60 0.5 265.3 16.8 18.6 35.4 7.5 10.7 27.5 9.7

FLAT2 0.5 274.6 NA NA NA NA NA NA NA

1 0.5 274.6 NA NA NA NA NA NA NA

5 0.5 274.6 NA NA NA NA NA NA NA

10 0.5 274.6 NA NA NA NA NA NA NA

30 0.5 274.6 NA NA NA NA NA NA NA

60 0.5 274.6 NA NA NA NA NA NA NA

MODERATE1 0.5 268.2 16.6 22.0 38.6 6.9 7.8 24.4 11.0

1 0.5 268.2 16.6 8.7 25.3 10.6 3.2 19.8 13.6

5 0.5 268.2 16.6 10.6 27.2 9.8 4.3 20.9 12.8

10 0.5 268.2 16.6 17.4 34.0 7.9 5.6 22.2 12.1

30 0.5 268.2 16.6 27.9 44.5 6.0 9.6 26.2 10.2

60 0.5 268.2 16.6 43.5 60.1 4.5 16.3 32.9 8.1

MODERATE2 0.4 244.2 16.1 29.6 45.6 5.4 4.0 20.1 12.2

1 0.4 244.2 16.1 14.9 31.0 7.9 0.4 16.5 14.8

5 0.4 244.2 16.1 19.5 35.6 6.9 1.2 17.2 14.2

10 0.4 244.2 16.1 22.4 38.5 6.4 2.2 18.3 13.4

30 0.4 244.2 16.1 35.5 51.6 4.7 5.6 21.6 11.3

60 0.4 244.2 16.1 55.5 71.6 3.4 10.6 26.7 9.1

STEEP1 0.4 259.9 31.1 26.1 57.2 4.5 6.3 37.4 6.9

1 0.4 259.9 31.1 12.7 43.8 5.9 2.5 33.6 7.7

5 0.4 259.9 31.1 15.5 46.6 5.6 3.2 34.3 7.6

10 0.4 259.9 31.1 21.3 52.4 5.0 4.5 35.6 7.3

30 0.4 259.9 31.1 34.2 65.3 4.0 7.9 39.0 6.7

60 0.4 259.9 31.1 46.8 77.9 3.3 13.5 44.6 5.8

STEEP2 0.4 238.6 20.3 13.8 34.1 7.0 3.9 24.2 9.9

1 0.4 238.6 20.3 5.3 25.6 9.3 0.5 20.8 11.5

5 0.4 238.6 20.3 6.5 26.8 8.9 1.2 21.5 11.1

10 0.4 238.6 20.3 8.2 28.5 8.4 2.0 22.3 10.7

30 0.4 238.6 20.3 17.7 38.0 6.3 5.4 25.7 9.3

60 0.4 238.6 20.3 31.4 51.7 4.6 10.5 30.8 7.8

Grand Total 0.5 258.5 20.2 20.2 40.4 6.4 5.2 25.4 10.2

Wait time 

(minutes)

Traverse 

time 

(minutes

Rate 

(meters/min)

DEFAULT MAXIMUM

Site / 

Interval

Area 

(ha)

Perimeter 

(m)

Walk time 

(minutes)

Wait time 

(minutes)

Traverse time 

(minutes)

Rate 

(meters/min)



100 

 

 

Table 3.6. Average total traverse time, wait times, traverse walk time (minutes), 
rates (m/min) for GPS recording interval and settings across all sites (no data for 

flat 2) 

 

MEAN EFFECTIVENESS 

Since we had no wait time data for the flat 2 course, we did not include it 

in this analysis of mean effectiveness. For this analysis, we assumed 20 minutes 

in the office time to download, differentially correct data using Pathfinder Office, 

and export the data to ArcGIS. The total time (Table 3.7) is the sum of the 

traverse time and the 20 minutes of office time necessary to download positions, 

differentially correct data, and export to ArcMap. We calculated mean 

effectiveness, which is the average effectiveness for our traverses, rather than the 

total effectiveness for a number of traverses (Kiser et al 2004). In this case, mean 

effectiveness is the product of ABSPAE and total time. Mean effectiveness ranged 

from 119.3 to 252.7 (Table 3.7), and varied depending on what settings and 

recording intervals were used. Using maximum settings at the 30-second 

recording interval was the most effective combination of settings and recording 

interval (Mean Effectiveness = 119.3). 

1 0.4 258.5 20.2 9.2 29.4 8.8 1.4 21.6 12.0

5 0.4 258.5 20.2 11.6 31.8 8.1 2.2 22.4 11.5

10 0.4 258.5 20.2 15.1 35.3 7.3 3.2 23.4 11.0

30 0.4 258.5 20.2 25.6 45.8 5.6 6.8 27.0 9.6

60 0.4 258.5 20.2 39.3 59.5 4.3 12.3 32.5 7.9

DEFAULT MAXIMUM

Interval
Area 

(ha)

Perimeter 

(m)

Walk time 

(minutes)

Wait time 

(minutes)

Traverse time 

(minutes)

Rate 

(meters/min)

Wait time 

(minutes)

Traverse time 

(minutes)

Rate 

(meters/min)
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Table 3.7. Mean effectiveness as a function of ABSPAE and time for each GPS 
recording interval and settings combination (flat 2 course excluded from analysis 

due to missing data). 

    

 Mean effectiveness in Kiser et al. (2005) was a function of closure error 

and cost. In order to examine how our estimate for effectiveness compared, we 

used Kiser’s estimates of percent difference. Percent area differences were 3.7% 

when using GPS and the string box methods and 0.93% when using both lasers, 

while absolute percent area differences for each method were between 4.8% and 

4.9% (Table 3.8). In this way, we can attempt to draw comparisons between 

effectiveness in our study and the earlier study. We note that there were 

probably some site differences that would affect both accuracy measurements 

and traverse times; however, both studies were conducted within the McDonald 

research forest with similar site conditions on similar slopes. Different GPS 

receivers were used in each study, and Kiser et al. (2005) recorded positions in 

the kinematic mode, where GPS points were streamed continuously so that the 

entire boundary was traversed a line segment rather than collecting individual 

points. Due to these and other factors our comparisons are not entirely 

congruent. However, mean effectiveness for both lasers and the string box 

1 49.4 3.1% 153.2 41.6 4.8% 199.6

5 51.8 2.9% 150.1 42.4 4.2% 178.2

10 55.3 2.9% 160.3 43.4 3.9% 170.5

30 65.8 2.9% 190.4 47.0 2.5% 119.3

60 79.5 3.2% 252.7 52.5 2.4% 127.1

Maximum

Interval
Average time 

(minutes)
ABSPAE

 Mean 

Effectiveness

Total time 

(minutes)
ABSPAE

Mean 

Effectiveness

Default
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method (Kiser, 2005) closely approximated maximum settings at the 30-second 

recording interval for the GeoXH (Table 3.7). The GPS method (Kiser 2005) was 

not nearly as effective as the other method due to high average survey times. Of 

the 16 traverses, only five were completed using the Pro XH GPS. We suspect that 

the difference in effectiveness between the GeoXH and ProXH was largely due to 

the hardware and the filters (settings) that were being used.   

Table 3.8. Kiser 2005; Effectiveness using absolute percent area error rather than 
closure error. 

 

COST EFFECTIVENESS 

The previous analysis examined mean effectiveness by examining only the 

amount of time in the field. This assumed equal cost for the equipment. However, 

the initial cost of equipment such as a GPS receiver or EDM can be significantly 

higher than that of a string box. For an analysis of cost effectiveness, we assumed 

a cost of $8,000 for the GeoXH receiver and Zephyr antenna, and an hourly rate of 

$18.90/hr, which is the hourly rate assumed by Kiser et al. (2005). We 

depreciated this value over a two-year period following methodology discussed 

in Solmie (2003) to achieve a rate of $1.37/hr for the GPS receiver.  

GPS 11.5 138.0 4.9% 676.2

String Box 10.3 38.6 4.8% 185.4

Laser 1 5.9 44.3 4.8% 212.4

Laser 2 5.3 39.8 4.9% 194.8

Method
Total 

Time(hours)

Average Time 

(minutes)
ABSPAE

Mean 

Effectiveness
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We examined cost effectiveness using three different metrics, where cost 

was determined as a function of traverse, 0.4-ha (1-acre), and 250m segment. 

Since average site area and perimeter were very close between studies, results 

differed unsubstantially depending on which metric we used. Ultimately, using 

the GeoXH was the most cost effective piece of equipment used, whether we used 

the product of cost/0.4–ha times ABSPAE or PAE (Table 3.9). However, both laser 

methods were almost as effective. Again, it might be presumptuous to make 

comparisons between the GeoXH and other techniques considering that 

measurements were taken at different sites. However, both studies were 

conducted within the McDonald research forest, and averaged over 16 sites for 

the Kiser study and 5 sites for our study. Furthermore, it is reasonable to assume 

that the costs of all methods would quickly become a direct result of the amount 

of time spent in the field and office.   

Table 3.9. Cost Effectiveness comparison table. 

 

ENLARGING SALE AREAS 

As mentioned earlier, all of our sites were approximately 0.4-ha (1-acre) 

in area, and percent area errors were largely contingent on this. We examined the 

effect of enlarging the traverse on percent area error. For this particular example, 

Stringbox $11.67 4.9% 57 3.7% 43

Laser1 $13.22 4.8% 63 0.9% 12

Laser2 $11.92 4.8% 57 0.9% 11

ProXR $38.86 4.9% 190 3.7% 144

GeoXH $14.19 2.5% 35 -0.6% 9

Method Cost/0.4-ha
Average 

ABSPAE

Mean Effectiveness for 

Average ABSPAE

Average 

PAE
Absolute Mean 

Effectiveness for PAE
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we created an Excel spreadsheet and doubled the area by pushing each point 

away from the centroid (Figure 3.1). This particular example was taken from the 

moderate 1 test course, where ABSPAE was 22%. A doubling of the area from 

0.47-ha (1.18 acres) to 0.96-ha (2.36 acres) resulted in a reduction of ABSPAE 

from 22% to 17%. A redoubling to 1.91-ha (4.72 acres) reduced ABSPAE further 

to 12 %, and so forth. At 12 hectares (30 acres), ABSPAE dropped below 5%, 

meeting the standard described in the USDA Forest Service boundary survey 

accuracy standards (USDA USFS 1993 (as described in Liu and Brantigan 1995). 

This is a rather simple simulation, and does not account for the fact that 

additional points would need to be taken to fill in the gaps between points in our 

enlarged traverses. However, while in some cases this increase in points might in 

introduce greater errors, this would not increase error on average. As most 

timber sale areas are quite a bit larger than 0.4-ha (1-acre), we would expect 

much smaller errors than are presented in this study, and we would expect to 

meet the USDA standard of 5% at a much higher frequency.  

We examined and enlarged all traverses at the 30-second recording 

interval that were greater than 5.0% PAE, and found that when unit sizes were 

increased to 4-ha (10 acres), all ABSPAE values dropped below 5.0% to 2.2% on 

average. At 20- and40-ha (50 and 100 acres), average ABSPAE dropped to 1.0% 

and 0.7% respectively. We used the 30-second recording interval here, because it 

was determined to be most effective for our data, but we would detect significant 
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drops in ABSPAE for 1-, 5-, and 10-second data, which would likely lead to a shift 

to lower recording intervals being more effective as area increases.   

 

Figure 3.1. Traverse enlargement illustration. 

CONCLUSION 

Changing settings and recording intervals did not result in area and 

perimeter measurements that were statistically significantly different. However, 

there were trends in the data that showed increasing recording interval and 

using default settings reduced both area and perimeter errors, Average 

horizontal error was statistically significant as a  predictor of both ABSPAE and 
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ABSPPE and explained 20% of the variability in ABSPAE and 59% of the 

variability in ABSPPE. 

An analysis of time effectiveness determined that the most effective 

combination of recording interval and settings across all sites was using 

maximum settings with a 30-second recording interval. We compared these 

effectiveness results to those of Kiser (2005) and determined that in terms of cost 

and absolute percent error the mapping-grade GPS can be as effective, or more 

effective, than using other surveying techniques such as a laser or string box.  

Average ABSPAE at the 30-second recording interval using maximum 

settings was 2.5% with only six of our 54 traverses exceeding the USFS 5% 

criteria for acceptable area error. By increasing unit area size to 4-ha (10 acres), 

all area errors dropped below 5%. 

These results should prove useful for timber resource professionals 

interested in maximizing productivity without seriously reducing area and 

perimeter estimates. As evidenced from our measurements of time effectiveness, 

using maximum settings resulted in a relatively small reduction in accuracy and a 

significant increase in productivity. 
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CHAPTER 4: GENERAL CONCLUSIONS: GPS UNDER FOREST CANOPY 

This research examined the capability of mapping-grade GPS receivers in 

second growth Douglas-fir forest in terms of accuracy and efficiency. The goal 

was to present results that could help natural resource managers, researchers, 

and other GPS users in dense forest determine what methods and instruments 

are most appropriate.   

RECOMMENDATIONS for SETTINGS and RECORDING INTERVALS 

Chapter 2 shows that mapping-grade GPS can be used to locate points on 

map within 6.8 meters 95 % of the time when using maximum settings and a 30-

second recording interval. By using maximum settings (PDOP = 20; SNR = 33, and 

minimum elevation = 5%) rather than more stringent settings, we found that we 

could reduce wait times in the field significantly without greatly reducing 

accuracy. Of the predictors that we examined, recording interval, dilution of 

precision (DOP), and weather significantly influenced accuracies. At lower 

recording intervals, basal area was also influential, but not at the 30-second and 

60 second recording intervals. Terrain and settings, however, were generally not 

influential. When it is raining, users should be aware that the errors will more 

than likely increase. 

Chapter 3 indicated that GPS receivers can be as cost effective or more 

effective than tools such as EDMs or a string box for measuring area. This 

effectiveness is influenced by the settings used on the receiver. We found the 
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receivers to be most effective in terms of absolute percent area error and time 

when using maximum settings and a 30-second recording interval. Absolute 

percent area errors were 2.6% on average and absolute percent perimeter errors 

were 2.0%.   

These settings and related accuracies should be suitable for many forest 

applications. Certainly, for measuring area and perimeter we would recommend 

them. Likewise, when using them to mark a plot center these settings should 

suffice. However, when a task requires great precision such as in conducting a 

road survey or surveying a property line, it would be best to consider other 

methods such as a total station and survey-grade GPS. Likewise, these settings 

and recording intervals would not be suitable for ground truthing 1-m resolution 

data.    

We must also note here that these recommendations are only valid within 

the scope of our study. The majority of our study site was second growth 

monoculture Douglas-fir forest with little interfering understory canopy. Slopes 

ranged from 20% to 84% and basal areas from 20 to 78 m2/ha. Most sites were 

approximately 80 years in age. All sites were located within the McDonald 

research forest just northwest of Corvallis, OR, so it is with some caution that we 

make recommendations to the rest of the northwest. However, it is reasonable to 

assume that when terrain, stand density and tree age and composition are 

similar, receivers would behave in a similar manner.  
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Lastly, we used a Trimble GeoXH receiver equipped with a Zephyr 

antenna. This model is slightly different than the GeoXT receiver equipped with a 

Hurricane antenna commonly used by many government agencies in the 

northwest. The primary difference between the GeoXH receiver and the GeoXT 

receiver that we are aware of is that the GeoXH is capable of measuring the 

carrier wave, while the GeoXT can only utilize C/A code. During the course of our 

study we collected data on the GeoXH with carrier disabled, so that it recorded 

only C/A code. It is our assumption then that the GeoXH behaved similar to the 

GeoXT, and that accuracies and wait times would be similar with the GeoXT. 

Regardless, GPS users should be aware of the model of the receiver as it may 

seriously affect accuracies, especially when opting for a consumer-grade receiver 

rather than a mapping-grade receiver.   

RECOMMENDATIONS for FUTURE RESEARCH 

While settings did not prove to be significant in predicting horizontal 

error, recording interval did. This raises the question of how accurate the GPS 

receiver can become when using recording intervals much longer than 60-

seconds. Preliminary research indicated that with recording intervals a few hours 

long horizontal errors approach sub-meter accuracy even under dense canopy. 

While some research suggests that C/A code is preferable to carrier under 

canopy, this question has not been addressed for longer recording intervals.  
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This research focused on the effects of settings on GPS accuracy and 

examined DOP, but did not examine the effect of SNR and satellite elevation. 

Further research with identical mapping grade receivers using different SNR and 

elevation masks over long time periods could help GPS users better understand 

how SNR, minimum elevation, and DOP interact. 

Lastly, there is room for further inquiry into whether there is horizontal 

GPS bias, which would result in consistent over- or under-estimation of traverse 

areas. As noted, we observed a slight trend where the GPS biased its point 

estimates directionally with aspect and in magnitude with slope. These trends 

were slight and we did not have the data or the variation in aspect to make 

statistical inferences. However, this is an important question, as if this bias does 

exist, traverses that overlay topography that is generally convex (such as a peak) 

would lead to over estimates, while traverses that overlay topography that is 

generally concave (such as a valley) would lead to under-estimates in area. 
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Appendix A: Maps 

 

Figure A1. Study site location map 
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Figure A2. Aerial view of test courses. 
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Figure A3. Example of control, traverse, and fixed point survey. 
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Appendix B: Opus Results 

Table B1. Opus Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

SITE GPS Observations Used # Fixed Ambiguities Overall RMS(m) Peak to Peak Y (m) Peak to Peak X (m)

CE016 Base 89% 69% 0.016 0.004 0.066

CE016 Rover Unavailable Unavailable Unavailable Unavailable Unavailable

JF010 Base 88% 85% 0.017 0.037 0.013

JF010 Rover 86% 89% 0.016 0.046 0.089

JF020 Base 99% 98% 0.01 0.024 0.032

JF020 Rover 99% 93% 0.011 0.001 0.041

JF030 Base 83% 87% 0.015 0.018 0.092

JF030 Rover 77% 84% 0.016 0.055 0.015

JF040 Base 72% 93% 0.018 0.024 0.089

JF040 Rover 84% 88% 0.017 0.028 0.091

RUSTY Base 77% 85% 0.015 0.06 0.0055

RUSTY Rover 89% 86% 0.015 0.051 0.045
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