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Introduction

Forest parameters including areas, total standing 
volumes and stocking are worked out per horizontal 
hectare. There has been a body of work to correct 
for the discrepancy between the surface area of 
the ground and the horizontally projected two-
dimensional area. Now that forestry is moving into an 
era of increased remote sensing, it is time to readdress 
some of our prior assumptions.

The intention of this project is to investigate 
whether there is a substantial difference between the 
area measured in the field and a circle of supposedly 
equal horizontal area projected onto it from above, 
and how this error compares with average errors due to 
GPS accuracy. Secondly, we will investigate the effect 
of the sampling shape on derived LiDAR metrics such 
as those commonly used for carbon estimation. 

Slope-corrected field plots

Standard inventory practice is to obtain field 
measurements on a representative sample of a forest, 
most commonly as a series of area plots. It is not 
uncommon to find a plot some distance from where 
specified due to the difficulty in precisely determining 
the correct location under canopy (even with a GPS). 
This is not usually a problem (except when trying to 
find the plots again) as even though the plot may be 
shifted the sampled area is still the same. In extreme 
cases this may introduce bias due subjective selection 
of the plot location.

Each plot has its slope estimated when it is 
established, generally by taking the average of the 
maximum slope at the plot centre and the slope at 
180 degrees to this (Hayes, 2005). In order that the 
projected horizontal area is as expected, the actual 
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Abstract

Double sampling inventory of a varied resource – such as using aerial LiDAR in conjunction with forestry 
field measurements – relies on the assumption that the area sampled in the field can be accurately quantified 
in the remote sensing data. GPS error and the horizontal shape of the ground plots both lead to mismatches 
between the area measured in the field and the area sampled from the remote sensing data.

The horizontal shape of a ‘circular’ ground plot will vary on sloping terrain when the boundary is defined 
by measuring the distance the from a centre peg with a tape running parallel to the ground (normally at breast 
height). If a circular shape is cut out of the remote sensing data (as is usual practice) then it will not exactly 
match the area measured in the field. This discrepancy can be completely corrected by using slope-correcting 
instruments such as the vertex, and although this is becoming more common, the majority of circular plots 
within New Zealand on steep ground will still be measured by tape with a slope-corrected radius. 

The GPS accuracy – for locating the plot in the remotely sensed data – can be improved by using high grade 
GPS systems and antennas, collecting as many measurements as possible and differentially correcting the results.  
However, even with the best technology, GPS locations are only accurate to around 1m.

In this study we found that the standard field measurement practice of assigning a slope-correction factor to 
the plot radius led to no bias of over or under sizing plots in a sample of 498 LUCAS plots. Approximating the 
field sampled area with a circle was correct for 97.3% of the area field measured (29.07ha); leaving only 2.7% 
(0.08ha) of the total LiDAR sampled area misrepresented in the field. In comparison, the GPS accuracy led to 
a slightly larger amount of area misrepresented (6%).  As the two errors are additive, it is always beneficial to 
use a vertex to determine horizontal distances and removing the shape error.  However, as the discrepancy is 
relatively small compared to GPS error, its effects are negligible in the LUCAS double sampling.

LUCAS uses LiDAR derived metrics to estimate biomass carbon (Stephens, 2007; Beets et al., 2011; Stephens 
et al., 2011). A comparison of these metrics from both circular LiDAR plots and plots equivalent to the area 
actually field sampled showed that the metrics used to calculate carbon per hectare varied on average by no 
more than 0.22%.
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area on the ground needs to be increased (Figure 1). A 
slope-corrected radius is used, based on the following 
formula:

      [1]

Where rs is the slope corrected radius in metres
A is the desired horizontal plot area in
    hectares
q is the average slope

As shown in Figure 1, the plot is no longer circular 
when viewed from above – however the purpose 
of the slope corrected radius is to ensure that the 
horizontal area is correct whilst simplifying the job 
of the field crew. Just like with GPS error, the plot 
may not be exactly where you planned it, but the 
representative area is still correct. Although issues 
may occur when the slope varies considerably within 
the plot, this technique has been an established 
and trusted part of New Zealand plantation forest 
measurement for years. Technology has existed for 
some time to correct for slope on a per-measurement 
basis. Slope-correcting Vertex and range finders can 
calculate both horizontal and slope distance and 
eliminate the need for slope-corrected radii. These 
tools are in use, but were not used for the majority 
of existing plantation forestry plots which may have 
been set up before such technology was invented.

Double sampling with remote sensing

New aerial and satellite remote sensing 
technologies such as ortho-corrected imagery, 
LiDAR, multi-ray photogrammetry and radar enable 
views of the forest from above as never before. As 
well as checking boundaries and locations, this 
data can be used for doubling sampling (Cochran, 
1977). In double sampling a variable of interest 
(e.g. total stem volume) is precisely measured in 
one or more sample areas, generally with standard 
field inventory techniques. The ‘double’ in double 

sampling necessitates that a known area is sampled 
twice, by both remote sensing – such as LiDAR – and 
field measurements.  The remote sensing data over 
the field-measured plots is converted into numerical 
metrics and a relationship is determined between 
these and the field-sampled measurement of interest. 
If remote sensing data was collected over a greater 
area than just that measured in the field (i.e. the 
whole forest was flown not just the sample plots), 
then this relationship can then be applied over the 
whole area – as long as it is represented by the sample 
plots. For example, if the relationship was derived 
from mid-rotation radiata pine sample plots, then it 
is extremely unlikely to hold over seedlings. 

The problem with double sampling is that for a 
true ‘double’ sample in a heterogeneous medium you 
must be able to exactly identify the field sampled 
plots in the remotely sensed data. If the relationship 
is based on areas that are not quite coincident, you are 
not comparing ‘apples with apples’ and you increase 
the degree of uncertainty. For example, in the LUCAS 
data the field plots were all located with high grade 
differentially-corrected GPS units with an accuracy of 
around 1m, around which the corresponding LiDAR 
samples were cut out as 0.06ha circles.  When the 
plots were on slopes the field-sampled areas would 
actually have been ellipses, and although the areas 
would be roughly the same the sampling regions 
would not quite be coincident. Using LUCAS as an 
example, the purpose of this report is to determine 
the significance of this plot-shape error.

Method

The LUCAS project consists of a nationwide series 
of sample plots, which are covered by long swathes 
of LiDAR data. Each of the plot centres have been 
located by GPS to a quoted horizontal accuracy of 
±1m. When calculating carbon, the metrics P95, 
P40, P30 and canopy cover are calculated for each 
plot using all LiDAR returns within a 0.06ha circle 

Figure 1 – Slope corrected radius and projected horizontal area

Plot is circular from the ground Plot appears elliptical from above
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pcosq
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Calculating the horizontal area measured in the 
field

If a plot was on a uniform planar slope, its 
horizontal projection would be an ellipse, with its 
minor axis along the fall-line. Seldom is the ground in 
New Zealand uniform however, and most plots were 
in areas where the slope showed significant variation 
within the plot. This leads to an irregular shape 
when viewed from above. Figure 3 shows how three 
arbitrary points within a plot P1, P2 and P3 have their 
Euclidian distance from the centre peg calculated as 
the magnitude of their distance vector

    [3]

Where xi is the distance from Pi to the centre 
along the x-axis (xi = xpi - xcentre) etc. Note that for 
P3 this ‘straight line’ goes through an obstacle. This 
will happen from time to time but in the field it is 
most likely the field crew would just hold the tape 
up higher, leading to the same result. The horizontal 
distance is just the magnitude of the xy  vector: 

    [4]

centred on the plot centre. P95, P40 and P30 are 
height percentiles, and represent that height above 
ground which 95%, 40% and 30% of the returns are 
lower than. Only returns above 0.5m were included. 
Canopy cover is the ratio of returns above 0.5m to 
the total number of returns (Beets et al 2011a).

 LiDAR data was used for 479 of the LUCAS plots 
with field measured slope, aspect, and differentially 
corrected GPS plot centre locations. These plots were 
checked for duplicates, and instances of the same 
plot on the same day were removed. There were a 
few instances (10) of the same plot flown with LiDAR 
in different years (which were reflown because the 
previous flight was below a specified pulse density), 
which were retained, bringing the total to 489 LiDAR 
samples. These locations are in Figure 2.

The intention of this project is to investigate 
whether there is a substantial difference between 
the area measured in the field and a circle of area 
0.06ha projected onto it from above (as sampled in 
the LiDAR). Secondly, the equation used by MfE to 
calculate carbon relies on the metrics P95, P40, P30 
and canopy cover (see above), and we will investigate 
the variation in these between the area actually field 
measured and the area of the 0.06ha circle. 

GPS accuracy

Before evaluating the precise area measured on 
the ground, it is worth mentioning the GPS accuracy. 
LUCAS plot positions were recorded with high 
precision differentially-corrected GPS units (which 
use additional data from permanent base-stations to 
post-process the GPS output and reduce errors).  The 
GPS units were left in position as long as possible to 
ensure a maximum number of readings and hence 
accuracy.  Even so, due to problems such as multi-
pathing and attenuation of the GPS due to foliage, 
the mean GPS error was 1.3m, with a standard 
deviation of 1.8m (Chris Goulding, pers. comm.). it 
can be shown that if the centre of a plot of radius r is 
misplaced by distance d then an equally sized circle 
on this erroneous plot centre will overlap with the 
original plot by

         [2]

Thus on average, the double sampling will only 
cover 94% of each plot. On top of this will be any 
error due to non-circular plots. So from this point 
onwards we assume the GPS accuracy is perfect 
(knowing that it is not), but making this assumption 
will show us if the ground topography effects are 
more or less significant than the GPS error.

Refereed Article

Figure 2 – 489 LUCAS plots around New Zealand used 
in this project (image courtesy of MfE)
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For each plot, the horizontal and three-
dimensional distances from the centre peg are found 
for every LiDAR return. In the case of returns that 
didn’t hit the ground, their z coordinate is found 
by interpolating the DEM at that xy location. The 
DEM was provided by the LiDAR data supplier and 
semi-manually derived using Terrasolid’s TerraScan 
software. By knowing the recorded slope the slope-
corrected radius can be found (equation 1), and hence 
all LiDAR returns within this distance are in the field 
measured area. All returns for which the horizontal 
radius is less than 13.82m are in the circular LiDAR 
sample (found by putting 0.06ha into equation 1 
with zero slope).

Figure 4 shows these two loci for plot AT148E1 
(with a measured slope of 30 degrees), viewed a) 
obliquely and b) from above. The DEM is shown 
shaded by aspect. The solid white line is the 0.06ha 
circle (which itself looks elliptical when viewed 
obliquely), and dashed white line shows the field 
measured area.

It is clear in Figure 4 that the regions are close, 
but not exactly coincident. The total areas are almost 
identical – 600m2 for the circle and 599.7m2 for the 
ellipse. Figure 5 shows another example for plot 
AV139 (slope 32 degrees) in a valley. Due to the 
varying slope, from above this plot appears even 
more irregularly shaped. In this case there is a small 
difference between the circle (600m2) and the field 
measured area (607m2), but given the inaccuracies in 
field measurement this is only significant if all plots 
were systematically oversampled. Over all 489 plots 
the average field-measured area was 600.1m2, which 
shows that there was no significant bias for over 
or under sampling. The standard deviation of this 
distribution was 32.7m2, which shows that although 
there is some variation, it is only a small proportion 
of the total area and completely acceptable given the 
implicit uncertainties in field measurement.

Figure 6 shows how the field measured area – 
when seen from above – varies with slope. Clearly 
the greater the slope the more variability in the field 
sampled area, but crucially the distribution is centred 
on 600m2 with no obvious bias. Overall, this shows 
that slope-corrected field plots do a satisfactory 
job of ensuring the area sampled on the ground is 
representative of the area sampled from above. 

Coincidence of the sample areas

In the last section we showed that the areas of the 
field sampling and the aerial LiDAR were generally 
about the same and showed no bias. In this section 
we investigate how much the areas overlap, or how 
‘correct’ the double sampling is (assuming perfect 
GPS).

In Figure 4, the net areas were almost identical 
but only 95% of the area in the LiDAR sampled 
circle (solid white line in figures 4 and 5) overlapped 
with the field sampled area (dashed white line). The 
same is true for Figure 5. 5% of each LiDAR sample 
describes an area that was not strictly field measured. 
Over all 498 LUCAS plots, the overlap varied from 
80% to 100%, but averaged out at 97.3% which 
shows that the LiDAR sample and field sampling are 
highly coincident. The inherent errors in measuring 
distance in forests and precise estimation of GPS in 
the plot under canopy will be of greater significance.  
A GPS error of 1.3m will lead to 94% overlap on 
a perfectly flat 0.06ha plot, and it is unrealistic to 
expect accuracies better than this under canopy.  
Furthermore any LiDAR plot is a combination of 
foliage from trees both in and out of the plot.  This 
demonstrates that a circular approximation of the 
more complex field-measured shape is an acceptable 
approximation.

Figure 3 – Demonstration of three-dimensional distance from centre peg
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LiDAR canopy metrics

To calculate carbon in the LUCAS system, several 
LiDAR metrics are derived from the sampled point 
cloud. If the point cloud exactly represents the area 
field sampled then it will better reflect the actual field 
measurements. However, in the last section we showed 
that cropping out a circle is a suitable approximation 
of the more complex field-sampled area, with only 
2.7% of the LiDAR sampled area not being measured 
in the field. In this section we investigate whether that 
2.7% discrepancy has any effect on the metrics that 
are used to calculate the national carbon stocks.

 The variables used in LUCAS are currently the 
95th, 40th and 30th height percentiles, and the canopy 
cover. All are defined from all LiDAR returns 0.5m 
or more above the ground, except for canopy cover 
which is the ratio of returns above 0.5m to the total 
number of returns. To evaluate the effect of LiDAR 
plot shape these metrics were calculated for the 
circular LiDAR sample plots and for the irregularly 
shaped plots determined to be the area measured by 
the field crew.

Although the values for each could vary by up to 
51% in one extreme case, on average the values for 
95th, 40th and 30th percentile and canopy cover varied 
by 0.12%, 0.03%, -0.07% and 0.22% between the two 
ways of cropping the plots. These differences are not 
statistically significant and reinforce the previous 
conclusion that it is an acceptable simplification 

to crop circular plots from LiDAR data over steep 
terrain.

 Conclusion

In steep terrain using a slope-corrected radius to 
define a plot boundary leads to non-circular plots 

Figure 4 - View of LUCAS plot AT148E1. Solid white 
line = 0.06ha circle, projected onto ground. Dashed white 
line = all points within the slope corrected distance of the 
centre. Shown a) obliquely and b) from above.

Figure 5 - View of LUCAS plot AV139. Solid white line = 
0.06ha circle, projected onto ground. Dashed white line = 
all points within the slope corrected distance of the centre. 
Shown a) obliquely and b) from above.

Figure 6 – Field measured area vs. (field measured) average 
slope
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when viewed from above. When aerial or satellite 
remote sensing is used – such as imagery, radar or 
LiDAR – the locus of the field sampled area is a 
complex shape that can only be found by calculating 
the Euclidean distance from all ground points to the 
centre peg. A simplifying assumption is to assume 
that the field sampled area is circular when viewed 
from above - saving a large amount of computation 
time when analysing the remotely sensed data.

In this study we found that the field measurement 
practice of assigning a slope-corrected radius led 
to no significant bias of over or under sizing plots. 
Furthermore, the circular approximation overlapped 
with 97.3% of the area field measured (29.07ha), 
leaving only 2.7% (0.08ha) of the LiDAR sampled 
area misrepresented in the field. On average, GPS 
accuracy left 6% of the plot misrepresented, so clearly 
GPS accuracy has a larger effect than plot shape. 
As the errors from plot shape and GPS accuracy 
are approximately additive there still is a benefit 
to measuring horizontal distance within plots and 
correcting for plot shape (because it is an error that 
can be easily corrected unlike GPS accuracy), but 
where necessary the circular approximation appears 
suitably valid.

The metrics used by LUCAS for determining 
carbon stocks (95th, 40th and 30th height percentiles 
and canopy cover) were calculated from circular 
LiDAR plots and plots equivalent to the area actually 
field measured. These metrics varied on average by no 
more than 0.22%. This shows that there is negligible 
benefit from cutting out plots exactly coincident 
with the field measured area, and the circular plot 
approximation is completely valid.

The best practice is to ensure the plots are circular 
when viewed from above by using a slope-correcting 
rangefinder when measuring distances in the field. 
These measure distance by reflecting either sound 
waves or laser light from a target positioned in the 
plot centre (such as a transponder or tree). If the 
device has an inbuilt clinometer, it can calculate both 
the Euclidean distance and the horizontal distance, 
and if the latter is used then the plot will always be 
circular when viewed from above. This technology is 
more costly than a tape and less widespread at present 
– and most existing plots did not have access to it 
– but would be a sensible move for forest inventory 
to improve double sampling accuracy. Furthermore, 
where time for sufficient readings allows, high grade 
GPS units should always be used to locate the plots.
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