
343 

  

Ability of Archival Tags to Provide Estimates of 
Geographical Position Based on Light Intensity 

Michael K. Musyl1*, Richard W. Brill2, Daniel S. Curran1, John S. Gunn3, 
Jason R. Hartog3, Roger D. Hill4 , David W. Welch5, J. Paige Eveson5,3, 
Christofer H. Boggs2, and Russell E. Brainard2 
1Joint Institute for Marine and Atmospheric Research, University of Hawaii at Manoa, 2570 
Dole St., Honolulu, HI  96822, U.S.A.  
2National Marine Fisheries Service, Honolulu Lab/Southwest Fisheries Science Center, 2570 
Dole St., Honolulu, HI  96822, U.S.A. 
3 CSIRO Marine Research, PO Box 1538, Hobart, Tasmania, 7000, AUSTRALIA 
4Wildlife Computers, 16150 NE 85th St., Suite #226, Redmond, WA 98052, U.S.A. 
5Fisheries and Oceans Canada, Pacific Biological Station, Nanaimo, British Columbia, V9R 
5K6, CANADA 
*Corresponding author: Mike Musyl, Joint Institute for Marine and Atmospheric Research, 
University of Hawaii at Manoa, 2570 Dole St., Honolulu, HI  96822, U.S.A., Email: 
mmusyl@honlab.nmfs.hawaii.edu  Phone: 808/5928305 FAX: 808/5928300 

Key words: archival tags, ambient light level, geoposition algorithm, light attenuation, 
positional errors, crepuscular, Equinox, pelagic fishes 

Abstract: We tested the ability of archival tags and their associated algorithms to esti-
mate geographical position based on ambient light intensity by attaching six 
tags (three tags each from Northwest Marine Technologies [NMT] and Wild-
life Computers [WC]) at different depths to a stationary mooring line in the 
Pacific Ocean (approx. 166º42'W, 24º00'N), for approximately one year (29-
Aug-98 to 16-Aug-99). Upon retrieval, one tag each from the two vendors had 
malfunctioned:  from these no data (NMT) or only partial data (WC) could be 
downloaded.  An algorithm onboard the NMT tag automatically calculated 
geographical positions.  For the WC tags, three different algorithms were used 
to estimate geographical positions from the recorded light intensity data.  Es-
timates of longitude from all tags were significantly less variable than those 
for latitude.  The mean absolute error for longitude estimates from the NMT 
tags ranged from 0.29 to 0.35º, and for the WC tags from 0.13 to 0.25º.  The 
mean absolute error in latitude estimates from the NMT tags ranged from 1.5 
to 5.5º, and for the WC tags from 0.78 to 3.50º.  Ambient weather conditions 
and water clarity will obviously introduce errors into any geoposition algo-
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rithm based on light intensity.  We show that by applying objective criteria to 
light level data, outliers can be removed and the variability of geographical 
position estimates reduced.  We conclude that, although archival tags are suit-
able for questions of ocean basin-scale movements, they are not well suited for 
studies of daily fine scale movement patterns because of the likely magnitude 
of position estimate errors.  For studies of fine scale movements in relation to 
specific oceanographic conditions, forage densities and distance scales of 100 
km or less, other methods (e.g. acoustic tracking) remain the tool of choice. 

1. INTRODUCTION 

Archival tags are electronic data storage devices that are either surgically 
implanted or attached to the outside of a fish with an anchoring device 
(Klimley et al., 1994). Current generations of archival tags can store data 
from up to four sensors (e.g., internal temperature, external temperature, 
pressure (i.e., depth), and light intensity) taken at one minute intervals for 
almost one year.  At a slower rate of data acquisition, data can be recorded 
for up to eight to ten years, depending on battery life and amount of mem-
ory.  Archival tags have been used to chronicle horizontal and vertical 
movement patterns, residence time in particular areas, and location of possi-
ble spawning areas for a variety of marine fishes (Gunn et al., 1994; Met-
calfe and Arnold 1997; Block et al., 1998a; 1998b; Lutcavage et al., 1999).  

Although archival tags are valuable and welcome tools for fisheries re-
search, an important consideration in evaluating their utility is the accuracy 
of the estimates of geographical positions. The use of light data (i.e., times 
of dawn and dusk) to estimate longitude (from local noon) and latitude (from 
day length) is not a new concept (Smith and Goodman, 1986; Hill, 1994; 
Bowditch 1995; Sobel, 1995).  However, the application of this idea to esti-
mating geographical positions of fishes carrying archival tags can be prob-
lematic because of  systematic and random errors resulting from equinoxes, 
light attenuation with depth, water clarity, weather patterns, accuracy of as-
tronomical algorithms, clock errors, resolution of light sensor, and behavior 
of animal. Welch and Eveson (1999) recently estimated the accuracy of geo-
graphical positions based on light data for archival tags placed on a moving 
vessel and on submerged mooring lines in the northwest Pacific.  Based on 
their findings, they calculated that average positional errors for tagged ani-
mals would be about 140 km (i.e., standard deviations of 0.9° in longitude 
and 1.2° in  latitude). Gunn et al. (1994) compared position estimates based 
on light readings from archival tags attached to southern bluefin tuna being 
towed in a sea cage in the open ocean to the true position of the cage at mid-
day.  As the maximum depth of the cages was less than 20 m and the ex-
periment was conducted over a short period in January, the effect of deep 
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diving and variations around the equinoxes were not examined in their ex-
periments. However, their calculated positional error was 1.52° (standard 
deviation of 0.22°) for latitude and 0.54° (standard deviation of 0.09°) for 
longitude. 

To define more accurately the ability of available hardware and software 
to estimate geographic position from light data, we submerged archival tags 
from two manufacturers at varying depths on a stationary mooring line in the 
subtropical North Pacific.  We then tested the efficacy of four different algo-
rithms to provide estimates of geographical location from the light level 
data.  We thus define some of the errors inherent in the procedures, and  
provide a measure of positional error estimates for tags submerged at vary-
ing depths.  Our intention is to aid researchers in interpreting data recorded 
from swimming animals.  

2. METHODS AND MATERIALS 

Three archival tags from Northwest Marine Technologies (NMT, Shaw 
Island, WA, USA, serial Nos. 587, 621, 935) and three from Wildlife Com-
puters (WC, Redmond, WA, model MK 7, serial nos. 97-218, 97-219, 97-
224) were attached at approximately 20-m intervals to a subsurface oceano-
graphic mooring deployed on a 76-m bank in the subtropical North Pacific 
Ocean (approx. 166°42'W, 24°00'N).  Tags were housed in PVC plastic pipe. 
The light sensor stalk protruded toward the surface through a hole drilled in 
the pipe.  The tags were deployed August 29, 1998, and retrieved August 16, 
1999.  

For the NMT tags, data from each sensor (two temperatures, pressure, 
and light intensity) were recorded every 8.5 min and stored as eight-bit bi-
nary integers (i.e., with possible values between 0 and 255). The light sensor 
was most sensitive to wavelengths near 450 nm.  Onboard correction algo-
rithms adjusted recorded light data for temperature variation and light at-
tenuation with depth.  The corrected light intensity values were scaled loga-
rithmically, with 15 points per decade intensity (e.g., high noon at sea level 
on a clear day is about 150 units on this scale). From the light curves, we 
estimated the effective range of 100 nW cm-2 to at least 10 mW cm-2 (bright 
sunshine) with a sensitivity of 15 readings/decade. Geolocations for the 
NMT tags were automatically estimated onboard the tags by a proprietary 
algorithm.  This algorithm employed times of sunrise and sunset to find local 
noon and thus estimate longitude. The light level data used were taken every 
128 s but recorded in the tag's memory only every 8.5 min.  Latitude esti-
mates were based on known temperatures at standard depths (Smith and 
Goodman, 1986).  Poor time resolution of the stored light level data, espe-
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cially during crepuscular transitions (i.e., dawn and dusk), prevented any 
post-processing of the recorded light level data. 

The WC archival tags were set to record data from each of the four chan-
nels (depth, light, and two temperatures) every 60 s.  Data could be collected 
at this rate for 353 days before filling the memory, the approximate duration 
of the experiment.  Temperature and depth were measured with 12-bit accu-
racy, but compressed to 8 bits before storing.  Temperature had a resolution 
of 0.05°C, depth had a resolution of 0.5 m, and the light sensor recorded val-
ues in the range from 0 to 255, scaled logarithmically with 18 points per 
decade.  The effective range of the light sensor was from bright sunshine to a 
level 10 decades less bright (150 readings lower).  This covered the range 
from 1 pW cm-2  to 20 mW cm-2 (bright sunshine is approximately 10 mW 
cm-2 at sea level).  Interference filters were used to make the light sensor sen-
sitive to light only in the 450 ± 50 nm wavelength range, and light level was 
internally corrected for temperature, but not depth. Light level data were 
downloaded from the WC tags, and geographical positions estimated using 
three different methods. 

2.1 Method 1: Fixed Reference Light Level Method 

This method was developed in 1993 by CSIRO Marine Research 
(Hobart, Tasmania, Australia)  based on techniques described in Nielsen 
(1963) and Wilson et al. (1992).  It uses a “reference light level” to define 
times of dawn or dusk.  In other words, when light levels equaled the refer-
ence light level, this defined a specific “zenith angle” (i.e.,  the angle be-
tween the horizon and the center of the sun’s disk).  Dawn and dusk were 
initially determined by finding the periods when light levels were changing 
most rapidly.  Next, an ordinary least squares routine was used to fit a sec-
ond order polynomial equation to the light data between 100 and 155 light 
units.  The time when light level was equal to the reference light level was 
determined from the fitted curve.  The equation changes daily but remains a 
second order polynomial with the same independent (i.e., time) and depend-
ent (i.e., light) variables.  Standard astronomical formulae were then used to 
determine position from a specified zenith angle (Wilson et al., 1992, Hill, 
1994).   

The estimation software was tuned by determining the reference light 
level and corresponding zenith angles that resulted in estimates closest to the 
known location of the tags. This empirical optimization was conducted using 
data collected over ten days of the experiment in November 1998.  This time 
period was chosen because it preceded any biofouling of the light sensor 
(Fig. 1) and was temporally distant from the autumnal equinox (Sept. 21).  
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Once established, the optimal reference light level was kept constant. A light 
level of 135 units corresponded to a zenith angle of 97°. 

Method 1 requires light levels recorded by the individual tags be cor-
rected back to the light level at the surface.  This was not possible in this 
situation because light-depth attenuation coefficients have to be specific for 
each tag.  The data required to generate these coefficients were not available 
because the tags were kept stationary at specific depths. As a substitute, light 
data were normalized, so that each tag read similar light values at the same 
time using the following relationships: 

20L̂  = L20 + 15       (1) 

40L̂  = L40 + 21       (2) 

60L̂  = L60 + 28       (3) 
where 

20L̂  = estimated surface light intensity by the tag at 20 m,  

40L̂  = estimated surface light intensity by the tag at 40 m,  

60L̂ = estimated surface light intensity by the tag at 60 m,  
L20 = light level recorded by the tag at 20 m, 
L40 = light level recorded by the tag at 40 m, 
L60 = light level recorded by the tag at 60 m. 
Because accuracies of geographical pos ition estimates depend on times 

of sunrise and sunset, any drift in the tags’ real-time clocks must be cor-
rected.  The real-time clocks in the tags at 20 and 40 m drifted 2 min 38 s 
and 2 min 18 s over the 12 month period (respectively), which are within the 
expected range.  A linear drift of time error was assumed.  However, the tag 
at 60 m drifted 2 h, 22 min, and 24 s.  The tag’s real-time clock clearly mal-
functioned 146 days after deployment.  We presumed that the major propor-
tion of the clock error occurred after the 146th day and, for simplicity, we did 
not correct for drift in the real-time clock of this tag throughout the portion 
analyzed. 

2.2 Method 2: Dawn and Dusk Symmetry Method 

This method was developed by Roger Hill of Wildlife Computers and is 
explained in greater detail elsewhere in this volume.  Longitude was deter-
mined by finding the time of midnight, such that the dawn and dusk curves 
were maximally symmetrical, allowing for small amounts of relative light 
level change from dawn to dusk caused by changing cloud cover.  By match-
ing the entire curves, this technique avoids errors caused by spurious read-
ings at some standard reference light level.  The time of midnight is trans-
lated to longitude by multiplying the time by 15, and factoring in the Equa-
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tion of Time (Meeus, 1991).  Latitude was calculated by using data from a 
day close to the start of the deployment (September 15, 1998) for which the 
light curves were relatively clean, and creating a translation of observed light 
level with known angle  of sun as measured from the vertical (zenith angle).  
The zenith angle of the sun can be calculated at specific times of day for a 
given location from standard astronomical equations (Duffet-Smith, 1988; 
Meeus, 1991). This translation from light level to zenith angle can then be 
applied to the rest of the data set, so that for each day there is a plot of zenith 
angle against time.  Latitude was determined by finding the latitude that best 
matches those zenith angles at the measured times.  The advantage of this 
method is that it can provide estimates of latitude throughout the year (in-
cluding the equinoxes), although in equatorial waters (as in this experiment), 
the error in the latitude estimate at the equinoxes becomes large.  At higher 
latitudes, good estimates can be expected all year. Corrections of position 
estimates for drift in the real-time clocks were performed as in Method 1. 

2.3 Method 3: Variable Reference Light Level Method 

This method was developed by Welch and Eveson (1999). The method  
is similar to the fixed reference light level method described above, but ref-
erence light levels were independently estimated for each day by taking 70% 
of that day’s average mid-day light level. For each day, the light versus time 
data taken from a two hour period around sunrise and sunset were fitted with 
a 4th order polynomial using least squares. Initial estimates of the times of 
dawn and dusk were taken to be the times at which the fitted curve equalled 
the reference light level. The estimated times of dawn and dusk were were 
then refined by repeating the above procedure but this time fitting a 4th order 
polynomial to data that extended just 15 min before and after the times of 
dawn and dusk determined in the first step.  A zenith angle of 94° was as-
sumed to correspond to the derived reference light level.  This value was 
determined without making any reference to the known mooring location, 
but was taken from a previously published study in which it was found to 
give reasonably good estimates of geographical position (Welch and Eveson 
1999).  As in Method 1, based on inspection of light curves for 10 days in 
November, we later optimised the zenith angle to 94.7°. In this third method, 
no corrections were applied for light attenuation with depth, as it did not sig-
nificantly improve location estimates. Corrections of position estimates for 
drift in the real-time clocks were performed as in Method 1.    
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2.4 Comparison of Geographical Estimates 

In order to compare the two types of archival tags and the three different 
methods used to estimate positions from the WC tags, we grouped the data 
by depth and used only data that were common to tags at comparable depths.  
In other words, the NMT tag at 58 m was grouped with the WC at 60 m, and 
the NMT tag at 24 m was grouped with the WC tag at 20 m.  As a result, 
fewer data points were used from the NMT tag at 58 m because comparable 
data from the WC tag at 60 m were unavailable owing to tag failure 225 
days after deployment.   In Table 1, the only data points rejected were those 
approximately 10 days before and after the autumnal and spring equinoxes.  
In Table 2, data points around the autumnal and spring equinoxes were re-
jected, as well as outliers, based on days with significant asymmetry of light 
level readings (e.g., days with highly variable cloud cover). The latter crite-
ria for rejection and its application are described in detail elsewhere in this 
volume.  To determine if this technique actually improved estimates, we 
tested for significant differences between mean absolute errors (i.e. |true po-
sition-estimate|) for latitude for all data in Table 1 to equivalent data in Table 
2 using Student’s t-test, where P<0.05 was considered significant. We also 
calculated the raw errors (i.e., true position-estimate) to gain insight into the 
mean positional bias of the overall estimates.  Mean raw errors were also 
tested against a hypothetical mean of zero using a two-tailed test at the 
P<0.05 level (Sokal and Rohlf 1981).  Next, to test whether the distribution 
of raw errors conformed to a normal distribution, we used the Kolmogorov-
Smirnov D test for goodness of Fit (Sokal and Rohlf 1981) at the P<0.05 
level.   Lastly, a nearest neighbor clustering algorithm with Euclidean dis-
tances of raw positional errors was used to examine the tag/method 
combinations for patterns (Pielou 1984). 

3. RESULTS 

Upon retrieval, we found that one NMT tag had failed completely and no 
data could be downloaded.  The reason for failure is unknown.  Also, upon 
retrieval, ship personnel reported that all tags were covered with an algal 
film and some fouling organisms.  The diminution of light level over time is 
evident in Figure 1 and suggests that biofouling was indeed accumulating on 
the light stalks.  At the end of 12 months submergence, the maximum daily 
light levels in units defined and recorded by the NMT tag at 24 m had de-
creased from 139 to 120.  The maximum daily light levels in units defined 
and recorded by the NMT tag at 58 m had decreased from 125 to 102.  
Equivalent reductions in maximum daily light levels in units defined and 
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recorded by WC tags were 244 to 233, 239 to 206, and 236 to 213 for the 
tags at 20, 40, and 60 m, respectively.  

 
Figure 1.  Diminution of maximum light intensity over time for the 
Northwest Marine Technologies and Wildlife Computers tags. 
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3.1 NMT Tags 

Geographical position estimates from the NMT tags over the entire ex-
perimental period are shown in Figure 2.  The tags’ proprietary algorithm 
was not able to derive latitude estimates for approximately 18 days around 
the spring and autumnal equinoxes (March 21 and September 21, respec-
tively).  There was more variability in latitude estimates from the tag at 58 m 
than the tag at 24 m.  The former never fully “recovered” after the spring 
equinox of 1999.  In the temperature records after the spring equinox (not 
shown), a large discrepancy occurred between readings taken by the thermis-
tor located within the tag body itself and the external thermistor located at 
the very tip of the fiber optic stalk. The external thermistor was found to be 
missing when the tag was recovered.  It is highly likely that the fiber optic 
light stalk was also damaged and that the light sensor data were compro-
mised (P. Ekstrom, pers. com.).  Damage to the fiber optic light stalk may 
therefore explain the higher variability in latitude estimates after March on 
the deeper tag. Another tenable explanation for the variability of geoloca-
tions provided by the NMT tag at 58 m is the sensitivity of the light sensor, 
which covers about a 5-decade range, as opposed  to the WC tag which cov-
ers about a 10-decade range. 

 
Figure 2.  Estimated positions from the Northwest Marine Technologies tags. 
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The mean absolute error for latitude was approximately five times greater 
than that for longitude for the tag at 24 m (Table 1).  For the tag at 58 m this 
ratio was approximately ten to one.  The tag at 24 m had a significantly 
smaller (Student’s t-test, P < 0.05) mean absolute error for latitude than the 
tag at 58 m.  Mean absolute errors for longitude for the two NMT tags were 
similar. 

3.2 WC Tags 

Figure 3 shows longitude and latitude estimates for the three WC tags 
calculated using the fixed reference light level method (Method 1) over the 
entire experimental period.  Figure 4 shows equivalent data derived from the 
dawn and dusk symmetry method (Method 2), and Figure 5 shows equiva-
lent data from the variable reference light level method (Method 3).  As with 
positional algorithms within NMT tags, all three algorithms applied to the 
data from the WC tags produced larger positional errors for latitude around 
the equinoxes than during the remainder of the year.  Method 2 exhibited 
smaller equinox-induced latitude errors than the other two algorithms. 

 

 
Figure 3.  Estimated positions based on data from the Wildlife Computers tags calcu-
lated by Method 1. 



Geoposition Estimates with Archival Tags 353 

Figure 4.  Estimated positions based on data from the Wildlife Computers tags calculated by 
Method 2. 

 
As with the NMT tags, mean absolute errors for latitude were approxi-

mately an order of magnitude larger than those for longitude (Table 1). 
When data were averaged across the three methods for the WC tags, there 
were significant differences in errors for latitude by depth (one-way 
ANOVA, P << 0.001).  However, there was no trend by depth. For example, 
the tag at the intermediate depth had the largest mean absolute error (40 m; 
2.66±3.20 [mean±SD]), whereas the deepest (60 m; 1.68±3.58) and the shal-
lowest tag (20 m; 1.68±1.93) were virtually identical (t-test; P>0.05). 

Table 2 provides a summary of the mean absolute errors with outliers re-
jected.  By objectively rejecting data based on asymmetry between the dawn 
and dusk light level curves, the mean absolute errors for latitude were sig-
nificantly reduced in six of the eleven possible comparisons of equivalent 
data in Tables 1 and 2.  Significant reductions were not observed for the 
NMT tags at 24 and 58 m; WC tags at 20 and 40 m were calculated using 
Method 1, and the WC tag at 20 m was calculated using Method 3.  Mean 
absolute errors for latitude (e.g., Methods 1 and 3) can be reduced to less 
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than 1°, although in most instances mean absolute errors for latitude are re-
duced only to approximately 1.5 to 3°. 

Figure 5.  Estimated positions based on data from the Wildlife Computers tags 
calculated by Method 3. 

The mean positional biases of the raw errors for each tag/method combina-
tion are presented in Tables 1 and 2. In Appendix I, we provide a detailed sta-
tistical summary of this data. In all tag/method combinations (Tables 1 and 2), 
mean positional raw errors were not significantly different from a hypothe-
sized mean of zero (two-tailed test, t<t0.05 (2), df=n-1).  However, in only 6 of 22 
cases did the raw longitude errors conform to a normal distribution (Kolmo-
gorov-Smirnov D test for goodness of fit, P>0.05). None of the raw latitude 
errors were normally distributed.  Except in one instance (i.e., Method 3, tag at 
60 m), the outlier rejection technique used herein did not alter the mean posi-
tional bias of the tag/method combinations (Table 2). It did, however, quite 
dramatically impact the distribution of raw errors in 6 out of 17 cases includ-
ing three latitude estimates (NMT tag at 58 m; Method 1, tag at 60 m; Method 
3, tag at 20 m) and three longitude estimates (Method 1, tag at 20 m and two 
of the tags using Method 3). Longitude errors using Method 2 were normally 
distributed before and after outlier rejection, as was the case for two of the tags 
using Method 1 and one tag for Method 3 (Table  2).  
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Table 1.  Summary of the positional errors for the tags/methods using all comparable days.  Absolute errors (|true position-estimate|) and raw errors 
(|true position-estimate|) are given.  Distribution of raw errors were tested for conformity to the normal distribution using the Kolmogorov-Smirnov D test 
for Goodness of Fit (Sokal and Rohlf, 1981) at the P<0.05 level.  Unless indicated as being non-significant (bold-italicised), the remaining tests were sig-
nificant at P<0.05 (16 of 22 cases). 

 NMT Method 1 Method 2 Method 3 
Depth 
of tag 
(m) 

Common 
lat. days 

(no.) 

Common 
lon. days 

(no.) 

Mean ± SD 
lat. errors 

(°) 

Mean ± SD 
lon. errors 

 (°) 

Mean ± SD 
lat. errors 

(°) 

Mean ± SD 
lon. errors 

(°) 

Mean ± SD 
lat. errors 

(°) 

Mean ± SD 
lon. errors 

(°) 

Mean ± SD 
lat. errors 

 (°) 

Mean ± SD 
lon. errors 

 (°) 
Absolute 

60 163 202   1.49 ±  2.72 0.15 ±  0.12 1.83 ±  2.35 0.16 ±  0.16 1.70 ±  5.06 0.25 ±  0.25 
58 163 202 5.55 ± 6.40 0.35 ± 0.48       
40 317 333   3.50±  4.17 0.19±  0.18 2.15 ±  1.94 0.23 ±  0.21 2.33 ±  2.93 0.25 ±  0.28 
24 286 337 1.74 ±  2.00 0.32 ±  0.38       

20 286 337   1.53 ±  2.16 0.20 ±  0.16 2.10 ±  1.99 0.23 ±  0.21 1.41 ±  1.51 0.25 ±  0.23 
Raw 

60 163 202   -0.40 ±  3.08 -0.03 ±  0.24 -1.20 ±  2.73 -0.01 ±  0.23 -0.76 ±  5.29 0.14 ±  0.32 
58 163 202 -4.69 ±  7.06 -0.14 ±  0.58       
40 317 333   -0.23 ±  5.44 -0.04 ±  0.34 1.19 ±  2.64 -0.03 ±  0.31 1.42 ± 3.46 0.01 ± 0.37 

24 286 337 0.95 ±  2.47 0.04 ±  0.50       
20 286 337   -1.30 ±  2.31 0.07 ±  0.30 0.89 ± 2.75 0.0 ± 0.31 0.81 ± 1.90 0.0 ± 0.33 
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Table 2.  Summary of positional errors for the tags/methods using outlier rejection criteria. Absolute errors (|true position-estimate|) and raw errors (true 
position-estimate) are given. Distribution of raw errors were tested for conformity to the normal distribution using the Kolmogorov-Smirnov D test for 
Goodness of Fit (Sokal and Rohlf, 1981) at the P<0.05 level.  Unless indicated as being non-significant (bold-italicized), the remaining tests were signifi-
cant at P<0.05 (10 of 22 cases). 
 

   NMT Method 1 Method 2 Method 3 
Depth of 

Tag 
(m) 

Common 
lat. days 

(no.) 

Common 
lon. days 

(no.) 

Mean ±  SD 
lat. errors 

(°) 

Mean ±  SD 
lon. errors 

(°) 

Mean  ±  SD 
lat. errors 

(°) 

Mean ±  SD 
lon. errors 

 (°) 

Mean ±  SD 
lat. errors 

(°) 

Mean ±  SD 
lon. errors 

(°) 

Mean ±  SD 
lat. errors 

(°) 

Mean ±  SD 
lon. errors 

(°) 
Absolute 

60 139 150   0.91 ±  0.91 0.13 ±  0.09 1.27 ±  1.25 0.15 ±  0.13 0.78 ±  0.74 0.23 ±  0.17 
58 139 150 4.42 ±  3.57 0.29 ±  0.39       
40 263 263   3.08 ±  3.74 0.19 ±  0.18 1.72 ±  1.28 0.21 ±  0.18 1.84 ±  2.25 0.21 ±  0.19 
24 216 241 1.50 ±  1.30 0.29 ±  0.21       

20 216 241   1.52 ±  2.21 0.19 ±  0.15 1.74 ±  1.82 0.20 ±  0.18 1.16 ±  1.26 0.23 ±  0.19 
Raw 

60 139 150   -0.10 ±  1.29 -0.06 ±  0.21 -1.09 ±  1.41 -0.01 ±  0.20 0.04 ±  1.07 0.17 ±  0.23 
58 139 150 -3.91 ±  4.13 -0.08 ±  0.48       
40 263 263   -0.63 ±  4.81 -0.06 ±  0.34 0.87 ±  1.96 -0.03 ±  0.27 1.40 ±  2.54 0.05 ±  0.28 
24 216 241 0.64 ±  1.88 0.08 ±  0.34       
20 216 241   -1.32 ±  2.33 0.05 ±  0.29 0.42 ±  2.48 0.04 ±  0.27 0.53 ±  1.63 0.11 ±  0.27 
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The outlier rejection technique also significantly altered the correlations be-
tween raw latitude and longitude errors in 5 of 11 cases for each method 
(Table 3) except for Method 2.  Before and after outlier rejection, there were 
no obvious patterns in the correlations between latitude and longitude errors 
for tags by depth or method. We examined the distribution of position esti-
mates with box-and-whiskers plots using the culled dataset (Figure 6).  For 
both latitude and longitude estimates, is apparent that tab/method combina-
tions exhibited mixtures of potential bias  and varying degrees of skewness, 
particularly for the latitude estimates (see also Appendix I).   The positional 
biases of the longitude estimates were similar (Fig. 6).     
 
Table 3.  Correlation coefficients between raw latitude and longitude errors for each of the 
tags/methods where *=P<0.05, **=P<0.01, and ***P<<0.001.  “All days” indicates all avail-
able days were used as in Table 1.  Outliers were removed as in Table 2. 
 

  NMT   Tag depth          24 m               58 m 
 All days       -0.1756**          -0.1180* 
 outliers removed        0.0133          -0.1762** 
  Method 1   Tag depth 20 m 40 m 60 m 
 All days     -0.1149     0.0699   -0.0549  
 outliers removed     -0.1678*  0.0200     0.1958* 
  Method 2   Tag depth 20 m 40 m 60 m 
 All days      0.1019 -0.0003     0.0384 
 outliers removed      0.0834 -0.0487     0.0706 
  Method 3   Tag depth 20 m 40 m 60 m 
 All days     -0.0172  0.0598  -0.3260*** 
 outliers removed      0.0203  0.0981    0.0726 

4. DISCUSSION 

We assume biofouling accounted for the reduction of maximum light 
levels recorded over the entire length of the experiment (Fig. 1), although the 
changes did not appear correlated with depth or season.  Compared to the 
errors induced by the spring and autumnal equinoxes (Fig. 2-5), biofouling 
did not significantly impede the ability to derive accurate geographical pos i-
tions.  For example, Method 3 uses 70% of the ambient light to estimate po-
sitions and thus would not be affected by biofouling.  Moreover, we have not 
found biofouling to be a significant problem in archival tags attached to bi-
geye tuna (Thunnus obesus), even when fish were at liberty for 272 days (M. 
Musyl and R. Brill, unpublished observations). 
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                            NMT       Method 1       Method 2       Method 3 
 

Figure 6. Box and Whiskers plots for the estimated latitude and longitude positions for each 
tag/method using outlier rejection (as in Table 2). The location of the mooring line is indi-
cated by the horizontal bar across the plots.  In the boxes, the horizontal line is the median and 
the dashed line is the mean.  The extremities of the box are the 25th and 75th percentiles and 
the capped “whiskers” either side represent the 10th and 90th percentiles.  The dots represent 
the 5th and 95th percentiles. 
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For all tags and all methods, longitude is always more accurately esti-

mated than latitude.  This occurs for several reasons.  The estimates of longi-
tude require only an accurate measure of the time of local noon (i.e., the 
midpoint between dawn and dusk), so any random errors in estimating times 
of dawn and dusk (e.g., from variable zeniths) will tend to cancel each other.  
That is, if the rate of data acquisition is set for 60 s (as for the WC tags), tak-
ing the average of dawn and dusk will improve the resolution to 30s assum-
ing the errors for the dawn and dusk estimates are uncorrelated. However, 
the more likely scenario is that because of varying cloud cover, the light sen-
sors may respond in a similar manner such that the dawn and dusk errors  are 
serially correlated and N is not 2 independent degrees of freedom, but some 
smaller number. For example: SE=SD/sqrt (N), therefore SE=0.71*SD; so 
the SE will lie somewhere between 0.71 and 1, but we are not sure where.   
Also, an error of 1 minute in estimating the time of local noon results in a 
longitude error of only 0.25°, regardless of latitude or day of year.  In con-
trast, determination of latitude requires a very precise measurement of day 
length.  For example, at 24° N on February 1, an error of 1 minute in day 
length results in a latitude estimate error of approximately 1°.  The situation 
becomes worse towards the equator and around spring and autumnal equi-
noxes (Hill, 1994; Welch and Eveson 1999).   

The equinox problem occurs because day length is almost the same at all 
latitudes.  As a result, even very small errors in estimating times of dawn and 
dusk translate into large errors in estimated latitude.  This situation is clearly 
reflected in our data (Figs. 2-5).  Longitude estimates remain stable over the 
12 month period, whereas latitude estimates vary dramatically about 12 days 
approximately before and after the equinoxes. Indeed, NMT tags’ onboard 
algorithm could not estimate latitude during these times (Fig. 2). 

4.1 NMT Tags 

In the generation of NMT tags used for this study, no post-processing of 
the light data is possible.  This represents a clear tradeoff.  The data returned 
by the tags already contain geographical position estimates and the storage 
methodology makes better use of the tag’s limited memory.  Our results sug-
gest a possible effect of depth on the stability (Fig. 2) and magnitude of 
mean absolute errors of latitude (Table 1).  The NMT tag at 24 m clearly 
performed better than the tag at 58 m.  However, because of the failure of the 
third NMT tag, we cannot be definitive about systematic errors occurring 
with depth and our results may simply reflect inter-tag variability.  

With moving fish, data will have to be rejected based on some a priori 
criteria such as a reasonable distance the animal could have moved over a 
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given time period.  For example, median speed over ground estimated for 
acoustically tagged tunas (~55 to 165 cm FL, Brill et al., 1999) ranged from 
about 80 to 120 cm s-1 (i.e. 1.55 to 2.33 nmi h-1). At these speeds, fish travel-
ing  in a straight line for 24 h could cover between 37 and 55 nmi.  In the 
best of circumstances, several days’ of travel in a straight line would be re-
quired to cover distances measurable by the current generation of archival 
tags.  In other words, the degree of resolution for current generation archival 
tags and resultant geopositions cannot distinguish whether a tuna is associ-
ated or away from a FAD.  But for many fisheries management related ques-
tions weekly geopositions are likely to be adequate (e.g., Hilborn and Wal-
ters, 1992; Bakun, 1996).  Given reasonable fish speeds, weekly pos itions 
can easily differ by several degrees of latitude and longitude.  Based on these 
assumptions, we argue that a resolution of 0.5° longitude and 2° latitude is 
acceptable in many instances. For example, using these criteria, mean abso-
lute longitude estimates for all tag/method combinations are within this 
range or below  (Table 2). These spatial scales also have about the same 
resolution of frontal weather systems and oceanographic eddies (Steele, 
1995).  Assuming tags are to be used to resolve questions of ocean basin 
scale movements, latitude estimates are acceptable for the NMT tag at 24 m 
and for WC tag/method combinations at 20 and 60 m, in that mean absolute 
errors were below 2° (120 nmi or 222 km) (Table 2).    

4.2 WC Tags 

The WC tags record light levels and thus allow the user to choose an al-
gorithm for estimating geographical positions after retrieval.  Post-recovery 
analysis allows further refinement of position estimates as better algorithms 
and software are developed.  However, this philosophy means that algo-
rithms need to be validated through studies such as ours. To this end, our 
light level data are available from the Pelagic Fisheries Research Program 
web site (http://www.soest.hawaii.edu/PFRP/elec.tagdata/tagdata.html) for 
investigators wishing to test new geographical positioning algorithms. 

Although there were significant effects of depth on mean absolute errors 
of latitude provided by the WC tags (Table 1), there was no trend.  From our 
data it is not possible to determine whether this result is due to depth, to in-
trinsic properties of the tag (e.g., light sensor function, voltage stability, 
etc.), or to some external factor such as different orientation of the light sen-
sor pods, differential shading, etc.  Clearly, the possible effects of depth on 
the accuracy of geographical position estimates need further investigation. 

Like the algorithm within the NMT tags, all three algorithms used to 
process the light level data from the WC tags were significantly poorer at 
estimating latitude around the equinoxes (Figs. 3-5).  If  fish movements are 
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known to be constrained to a defined geographic coastal area, then it may be 
possible to anchor tags at fixed locations in order to refine zenith angles for 
that specific study site.  This would, in turn, reduce mean absolute errors for 
latitude for all of the methods presented herein.  For example, when we 
tuned the zenith angle in Method 3 from 94° to 94.7°, mean absolute errors 
for latitude were more than halved (Appendix II).  However, the reader is 
cautioned that the accuracy of the results presented in this report may be 
more dependent on the specific zenith angle chosen than the true merits of 
the algorithms.  For the purpose of tracking migration of oceanic pelagic 
fishes any of the three methods used with the WC tags would provide a satis-
factory track of movements, particularly if used in combination with water 
temperature at-depth measurements to improve latitude estimates. 

 
Figure 7.  Nearest neighbor clustering using euclidean distance for the raw positional errors.   
Abbreviations for the tag/method combinations follow those described in Appendix I. 
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In this report, we examined 44 possible tag/method combinations and the 

positional data derived from them (Tables 1 and 2; Appendix I).  To explore 
for patterns in the raw positional errors, we subjected the data to nearest 
neighbor clustering using Euclidean distance (Fig. 7).  In general, methods 
using the WC tags tended to form the tightest clusters (i.e., branches with 
smaller distances) for both raw latitude and longitude errors (Fig.7). Yet, it 
was apparent that there were some striking inter-tag differences among the 
different tag/method combinations deployed at different depths as indicated in 
Tables 1 and 2.  Still, there was no obvious systematic pattern in the errors.   

Whilst it is beyond the scope of this paper to investigate in greater detail 
the nature of the systematic errors reported herein for each tag/method com-
bination, a few general conclusions can be drawn.  Firstly, the outlier rejec-
tion techniques used herein significantly reduced mean absolute errors in 
approximately half the cases.  Outlier rejection did not significantly alter the 
positional bias.  However, outlier rejection techniques can dramatically 
change the distribution of the errors (6 out of 17 cases, Table 2).  Outlier 
rejection may be advantageous in certain instances in that it normalizes the 
distribution of some of the errors.  That advantage may be compromised ow-
ing to significant correlation between latitude and longitude errors (Table 3).  
However, if weather and/or ambient oceanographic conditions were respon-
sible for correlation, both latitude and longitude positional errors might be 
expected to degrade in unison.  Correlation among errors might suggest an 
external cause for which adjustments could be made.  We suggest  investiga-
tors  examine different outlier rejection techniques to find which ones com-
plement their algorithms and minimize the amount of bias in their data.  

In this experiment we were unable to examine the effect of depth and 
diving patterns of fish on the accuracy of position estimates based on light. 
We know from archival tag data collected by a number of researchers that 
diving, particularly around the times of dusk and dawn, significantly affects 
the quality of light data collected by archival tags, and thus the accuracy of 
position estimates based on light (J. Gunn, unpublished data for southern 
bluefin tuna, Thunnus macoyii). Our data represent a best-case scenario in 
estimating position; we stress that much work remains to those working with 
“real fish data.” 

We conclude that for questions of fine scale daily movement patterns, cur-
rently available archival tags,  light data processing algorithms, and the resul-
tant geographical position estimates are not suitable.  Resolutions of latitude to 
only 2° are likely to be greater than the distance fish will travel over a 24 h 
period.  As a result, horizontal movement patterns will be undetectable.  
Acoustic telemetry remains a better technology for resolving questions of fine-
scale movements in relation to specific oceanographic conditions and forage 
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densities (Brill et al., 1999; Dagorn et al., 2000).  Archival tags, however, are 
clearly suitable for answering questions of ocean basin scale migration pat-
terns, residency in specific fishing areas, spawning areas, fidelity to natal 
spawning areas, and possible stock structure.  Archival tags are also excellent 
for recording vertical movement patterns in relation to oceanographic condi-
tions.  From these data, conclusions and models of physiological abilities and 
tolerances can be derived (Brill and Lutcavage, 2001).  As both hardware and 
software improve, we suspect that the use of archival tag technology will be-
come an increasingly important  tool in fisheries research.  
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Appendix I: Summary statistics for the raw position errors.  Abbreviations are as follows: 
FLA=full latitude days and FLO= full longitude days as in Table 1; CLA=culled latitude days 
and CLO=culled longitude days as in Table 2; N587=NMT tag at 24 m; (continued⇒) 

 
ID 

 
N 

 
Mean 

C. I. 
± 95% 

C. I. 
± 95% 

 
Median 

 
Sum 

 
Min 

 
Max 

N587FLA 286 0.95 0.66 1.24 0.70 272.10 -6.50 18.50 
N587CLA 216 0.64 0.39 0.90 0.70 139.00 -6.50 4.90 
N935FLA 163 -4.70 -5.79 -3.60 -3.30 -765.40 -53.60 9.70 
N935CLA 139 -3.91 -4.60 -3.22 -3.30 -543.50 -17.70 3.20 
G224FLA 286 -1.30 -1.57 -1.03 -0.76 -372.22 -16.33 2.40 
G224CLA 216 -1.32 -1.63 -1.01 -0.80 -284.82 -16.33 2.40 
G219FLA 317 -0.23 -0.83 0.37 0.18 -73.52 -22.79 24.00 
G219CLA 263 -0.63 -1.21 -0.05 0.00 -165.46 -22.79 9.65 
G218FLA 163 -0.40 -0.87 0.08 -0.05 -64.67 -21.73 8.94 
G218CLA 139 -0.10 -0.32 0.11 -0.03 -14.37 -5.23 4.33 
H224FLA 286 0.89 0.57 1.21 1.00 255.00 -11.50 10.00 
H224CLA 216 0.42 0.08 0.75 0.50 90.00 -11.50 10.00 
H219FLA 317 1.19 0.89 1.48 1.00 376.00 -7.50 13.50 
H219CLA 263 0.87 0.63 1.11 0.50 229.50 -3.50 6.00 
H218FLA 163 -1.20 -1.63 -0.78 -1.00 -196.00 -12.50 11.50 
H218CLA 163 -1.20 -1.63 -0.78 -1.00 -196.00 -12.50 11.50 
W224FLA 286 0.81 0.59 1.03 0.81 232.67 -12.16 11.00 
W224CLA 216 0.53 0.31 0.75 0.67 114.36 -12.16 6.53 
W219FLA 317 1.42 1.04 1.80 1.41 450.49 -18.06 23.44 
W219CLA 317 1.40 1.09 1.71 1.29 368.95 -6.66 23.44 
W218FLA 163 -0.76 -1.58 0.06 -0.01 -123.89 -53.91 6.39 
W218CLA 139 0.42 -0.14 0.22 0.05 5.80 -3.07 4.10 
N587FLO 337 0.04 -0.01 0.10 0.10 14.90 -5.60 1.50 
N587CLO 241 0.08 0.03 0.12 0.10 18.20 -1.10 1.10 
N935FLO 202 -0.14 -0.22 -0.06 -0.10 -27.80 -3.80 3.00 
N935CLO 150 -0.08 -0.15 0.00 -0.10 -11.30 -1.80 3.00 
G224FLO 337 0.07 0.03 0.10 0.10 21.95 -1.22 0.99 
G224CLO 241 0.05 0.01 0.09 0.09 11.85 -1.03 0.99 
G219FLO 333 -0.04 -0.07 -0.00 -0.02 -12.47 -2.23 1.12 
G219CLO 263 -0.06 -0.10 -0.02 -0.05 -14.93 -2.23 1.12 
G218FLO 202 -0.03 -0.07 -0.00 -0.03 -6.82 -0.99 0.69 
G218CLO 150 -0.06 -0.10 -0.03 -0.03 -9.34 -0.86 0.57 
H224FLO 337 0.05 0.02 0.09 0.04 17.53 -1.36 1.55 
H224CLO 241 0.04 0.01 0.08 0.03 10.33 -0.87 1.13 
H219FLO 333 -0.03 -0.06 0.00 -0.04 -9.70 -1.31 1.45 
H219CLO 263 -0.03 -0.07 -0.00 -0.05 -8.86 -1.01 1.03 
H218FLO 202 -0.01 -0.04 0.02 -0.01 -1.86 -0.59 0.89 
H218CLO 150 -0.01 -0.04 0.03 -0.00 -0.84 -0.58 0.76 
W224FLO 337 0.08 0.04 0.11 0.08 25.61 -2.03 0.99 
W224CLO 241 0.11 0.07 0..14 0.11 25.59 -0.79 0.84 
W219FLO 333 0.01 -0.03 0.05 0.02 3.95 -2.92 1.09 
W219CLO 263 0.05 0.02 0.09 0.04 13.58 -0.80 1.09 
W218FLO 202 0.14 0.10 0.19 0.16 29.01 -2.35 1.03 
W218CLO 150 0.17 0.14 0.21 0.18 26.05 -0.58 0.98 
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(Appendix  continued⇒) N935=NMT tag at 58 m; for the Wildlife Computers= (WC) tags; 
G=Method 1, H=Method 2, W=Method 3; 224=WC tag at 20 m, 219=WC tag at 40 m, 
218=WC tag at 60 m. 
 

Lower 
Quartile 

Upper 
Quartile 

 
Range 

Quartile 
Range 

Vari-
ance 

 
S. D. 

 
S. E. 

 
Skew. 

S. E. 
Skew. 

 
Kurt. 

S. E. 
Kurt. 

-0.20 1.90 25.00 2.10 6.11 2.47 0.15 1.79 0.14 12.23 0.29 
-0.30 1.60 11.40 1.90 3.53 1.88 0.13 -0.87 0.17 2.01 0.33 
-7.40 -0.90 63.30 6.50 49.88 7.06 0.55 -3.14 0.19 17.58 0.38 
-6.80 -1.20 20.90 5.60 17.02 4.13 0.35 -0.74 0.21 0.74 0.41 
-1.65 -0.12 18.73 1.53 5.33 2.31 0.14 -2.89 0.14 11.09 0.29 
-1.67 -0.17 18.73 1.50 5.44 2.33 0.16 -3.19 0.17 13.21 0.33 
-1.96 2.01 46.79 3.97 29.55 5.44 0.31 -0.40 0.14 4.54 0.27 
-1.94 1.69 32.44 3.63 23.13 4.81 0.30 -1.54 0.15 4.40 0.30 
-0.95 0.60 30.67 1.55 9.47 3.08 0.24 -3.49 0.19 22.00 0.38 
-0.72 0.56 9.56 1.28 1.65 1.29 0.11 -0.18 0.21 3.24 0.41 
-0.50 2.50 21.50 3.00 7.57 2.75 0.16 -0.68 0.14 3.49 0.29 
-0.50 2.00 21.50 2.50 6.15 2.48 0.17 -0.98 0.17 5.71 0.33 
-0.50 3.00 21.00 3.50 7.00 2.64 0.15 0.82 0.14 2.54 0.27 
-0.50 2.50 9.50 3.00 3.84 1.96 0.12 0.17 0.15 -0.89 0.30 
-2.00 -0.50 24.00 1.50 7.47 2.73 0.21 -0.36 0.19 7.86 0.38 
-2.00 -0.50 24.00 1.50 7.47 2.73 0.21 -0.36 0.19 7.86 0.38 
0.15 1.47 23.16 1.33 3.60 1.90 0.11 -0.60 0.14 10.97 0.29 
0.10 1.19 18.68 1.09 2.65 1.63 0.11 -2.33 0.17 18.29 0.33 
0.30 2.50 41.50 2.20 11.98 3.46 0.19 0.05 0.14 15.70 0.27 
0.34 2.25 30.10 1.91 6.48 2.55 0.16 4.19 0.15 33.70 0.30 
-0.72 0.56 60.30 1.28 28.03 5.29 0.42 -7.36 0.19 66.49 0.38 
-0.57 0.56 7.17 1.12 1.15 1.07 0.09 0.42 0.21 2.28 0.41 
-0.20 0.30 7.10 0.50 0.25 0.50 0.03 -4.49 0.13 49.04 0.26 
-0.20 0.30 2.20 0.50 0.12 0.34 0.02 -0.14 0.16 0.33 0.31 
-0.30 0.10 6.80 0.40 0.33 0.58 0.04 -1.09 0.17 13.02 0.34 
-0.30 0.10 4.80 0.40 0.23 0.48 0.04 1.27 0.20 12.13 0.39 
-0.10 0.24 2.21 0.34 0.09 0.30 0.02 -0.60 0.13 2.07 0.26 
-0.11 0.21 2.02 0.32 0.08 0.29 0.02 -0.44 0.16 1.78 0.31 
-0.24 0.16 3.35 0.40 0.12 0.34 0.02 -0.89 0.13 5.49 0.27 
-0.24 0.12 3.35 0.36 0.12 0.34 0.02 -1.01 0.15 6.96 0.30 
-0.17 0.09 1.68 0.25 0.06 0.24 0.02 -0.29 0.17 2.35 0.34 
-0.18 0.07 1.43 0.24 0.04 0.21 0.02 -0.77 0.20 2.26 0.39 
-0.12 0.21 2.92 0.34 0.09 0.31 0.02 0.17 0.13 2.94 0.26 
-0.12 0.19 2.00 0.30 0.07 0.27 0.02 0.31 0.16 1.83 0.31 
-0.20 0.13 2.76 0.34 0.09 0.31 0.02 0.23 0.13 2.68 0.27 
-0.20 0.12 2.05 0.32 0.07 0.27 0.02 0.28 0.15 1.08 0.30 
-0.13 0.10 1.48 0.23 0.05 0.23 0.02 0.57 0.17 2.20 0.34 
-0.12 0.10 1.34 0.22 0.04 0.20 0.02 0.26 0.20 1.44 0.39 
-0.08 0.26 3.02 0.34 0.11 0.33 0.02 -1.30 0.13 6.75 0.26 
-0.06 0.26 1.63 0.32 0.08 0.27 0.02 -0.14 0.16 0.82 0.31 
-0.15 0.21 4.01 0.37 0.14 0.37 0.02 -2.06 0.13 14.68 0.27 
-0.11 0.22 1.89 0.33 0.08 0.28 0.02 0.28 0.15 1.42 0.30 
0.03 0.30 3.38 0.27 0.10 0.32 0.02 -2.41 0.17 18.03 0.34 
0.03 0.30 1.56 0.27 0.05 0.23 0.02 0.04 0.20 1.44 0.39 
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Appendix II. Summary of positional errors for the WC tags using Method 3 with a zenith an-
gle of 94°.  All days (Table 1) and outlier rejection criteria (Table 2) are as before. Absolute 
errors (|true position-estimate|) and raw errors (|true position-estimate|) are given. Distribution 
of raw errors were tested for conformity to the normal distribution using the Kolmogorov-
Smirnov D test for Goodness of Fit (Sokal and Rohlf, 1981) at the P<0.05 level.  Unless indi-
cated as being non-significant (bold-italicised), the remaining tests were significant at P<0.05 
(9 of 12 cases). 

 

Absolute Errors 

 Method 3, all days Outliers removed 

Depth of 
tag (m) 

Mean± SD 
lat. errors (°) 

Mean± SD 
lon. errors (°) 

Mean± SD 
lat. errors (°) 

Mean± SD 
lon. errors (°) 

60 3.32±3.89 0.28±0.48 2.73±1.44 0.23±0.17 

40 4.36±5.78 0.24±0.24 3.34±3.15 0.21±0.19 

20 2.69±2.11 0.29±0.83 2.93±2.09 0.23±0.19 

 

Raw Errors 

 Method 3, all days Outliers removed 

Depth of 
tag (m) 

Mean± SD 
lat. errors (°) 

Mean± SD 
lon. errors (°) 

Mean± SD 
lat. errors (°) 

Mean± SD 
lon. errors (°) 

60 1.89±4.76 0.18±0.52 2.15±2.22 0.17±0.23 

40 0.16±7.24 0.01±0.34 0.65±4.55 0.05±0.28 

20 1.23±3.19 0.12±0.87 1.27±3.37 0.10±0.27 

 

 


