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Abstract
The Global Learning and Observations to Benefit the Environment (GLOBE) Program is an
international science, citizen science, and education program through which volunteers in
participating countries collect environmental data in support of Earth system science. Using the
program’s software application, GLOBE Observer (GO), volunteers measure tree height and
optional tree circumference, which may support the interpretation of NASA and other space-based
satellite data such as tree height data from the Ice, Cloud, and land Elevation Satellite-2 (ICESat-2)
and Global Ecosystem Dynamics Investigation instrument. This paper describes tree heights data
collected through the GO application and identifies sources of error in data collection. We also
illustrate how the ground-based citizen science data collected in the GO application can be used in
conjunction with ICESat-2 tree height observations from two locations in the United States: Grand
Mesa, Colorado, and Greenbelt, Maryland. Initial analyses indicate that data location accuracy and
the scientific relevance of data density should be considered in order to align GLOBE tree height
data with satellite-based data collections. These recommendations are intended to inform the
improved implementation of citizen science environmental data collection in scientific work and to
document a use case of the GLOBE Trees data for the science research community.

1. Introduction

1.1. Whymeasure tree height
Measuring tree height can be used to understand lar-
ger environmental conditions. The height of trees is
correlatedwith available resources and stressors in the
ecosystem, and thus is a widely used indicator of an
environment’s ability to grow trees (Koch et al 2004).
Tree height is also used as an input for calculating
abovegroundbiomass and for global land cover in cal-
culations of carbon absorption (e.g.Hunter et al 2013,
Sintayehu et al 2020).

Traditional methods of measuring tree height
include field measurements with a hand-held

clinometer, hypsometer, or measurement pole. As
these methods are time-consuming and difficult to
scale, satellite-based laser altimeters are ideally suited
for mapping vegetation height globally (e.g. Li et al
2020, Potapov et al 2021). The NASA Ice, Cloud,
and land Elevation Satellite-2 (ICESat-2), launched
on 15 September 2018, carries the Advanced Topo-
graphic Laser Altimeter System (ATLAS) instrument
designed to measure surface elevations, including
tree canopy height, by counting laser photons leaving
and returning to the satellite (Campbell 2021). While
the primary science objective of ICESat-2 is to meas-
ure the changing elevation of ice, ICESat-2’s ATLAS
instrument can also measure the elevation changes
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of any surface or near-surface object (Markus et al
2017). Recent applications of ATLAS data to measure
tree and canopy height have demonstrated its poten-
tial (Neuenschwander and Pitts 2019, Sun et al 2020).
An essential component in understanding ICESat-2’s
performance in measuring tree height is the compar-
ison to ground-based measurements. As an example,
a recent study (Nandy et al 2020), found a 1.1 m
root mean square error (a measure of the differences
between values predicted by a model and the values
observed), between field-measured and ICESat-2 tree
heights for trees that ranged from 14.2 to 32.4m. This
error information is critical to utilizing ICESat-2 data
for aboveground biomass estimates or global land
cover uses (Narine et al 2020).

As such, citizen science may offer a valuable
source of tree and vegetation height data for valid-
ating satellite-based measurements. By distributing
data collection tomany volunteers, citizen science can
scale across broad geographic regions, and may be
capable of generating a large enough sample data set
to support the development of satellite-based meth-
ods of calculating tree height. Previous studies have
demonstrated the potential value and application of
citizen science data in ecology including tree invent-
ories, while considering data quality (e.g. Crall et al
2011,Molinier et al 2016, Roman et al 2017, Dujardin
et al 2022).

The Global Learning and Observations to Bene-
fit the Environment (GLOBE) Program’s software
application (app) for smartphones and other mobile
devices, GLOBE Observer (GO), engages volunteers
worldwide in the collection of environmental data
including tree height estimates. This paper describes
themethods used to collect tree heightmeasurements
through the Trees tool in the GO app, hereafter GO
Trees, and identifies sources of error in data collec-
tion. We also discuss how the ground-based citizen
science data collected using GO Trees can be used in
conjunction with space-based (ICESat-2) tree height
observations at two locations in the United States.
We make recommendations for citizen science data
collection, specifically for measuring accurate tree
heights, and for correlating this data to satellite-based
observations.

1.2. The GLOBE Program
Founded in 1994 as a science and education pro-
gram, The GLOBE Program is an international sci-
ence, citizen science, and education program that
invites volunteers of all ages to monitor the envir-
onment in support of Earth system science (Finarelli
1998, Butler and MacGregor 2003, GLOBE 2019).
GLOBE is implemented through bilateral agreements
between theUnited States and the governments of 126
participating countries as of late 2021. GLOBE data
include more than 50 environmental parameters and

are freely accessible through The GLOBE Program’s
website, www.globe.gov.

Launched in 2016, GO is the smartphone app
of The GLOBE Program. Volunteers receive tiered
access to GO depending on training and certifica-
tion. Within most GLOBE countries, universal access
is granted to collect environmental data for five pro-
tocols that have app-based mechanisms or tools for
data collection. The app may not be used in nor are
data accepted from countries that have not signed
a formal GLOBE agreement. For the most part, the
protocols—clouds, mosquito habitats, land cover,
trees, and eclipse—do not require equipment beyond
the app tools to collect meaningful data. The eclipse
protocol requires a thermometer and trees has an
optional tree circumference observation that requires
a tape measure (Amos et al 2020). Training for these
protocols is provided within the app.

In-app tools for each of the protocols guide volun-
teers through environmental data collection in which
users take geotagged photographs and answer ques-
tions to document and classify clouds (Colón Robles
et al 2020), eclipse conditions (Dodson et al 2019),
mosquito habitats (Low et al 2021), or land cover
(Kohl et al 2021). GOTrees is unique among the other
tools because tagged photos are not the primary data
collected, but rather it uses a smartphone’s gyroscope
and user input to calculate and estimate tree height.

1.3. The Trees tool
The Trees tool in the GO app provides a mechan-
ism for citizen science-based estimates of tree height
by tapping into the phone’s gyroscope to turn the
device into a handheld clinometer. A user downloads
the app, creates an account, and follows the guides
through the observation process. During account cre-
ation, the citizen scientist enters their height from
which the individual’s average stride length and
height of the phone at eye level are estimated. Stride
length (L) is defined as L= 0.413× person’s height. A
usermay independentlymeasure actual average stride
length and enter that value in place of the estim-
ated stride length. The height of the phone at eye
level is estimated as user height minus 10.14 cm.
This estimate may also be manually updated with a
measured value.

After account setup, the citizen scientist must
complete a simple training, which includes instruc-
tions on how to measure stride length, review tree
observation techniques, and assess accuracy before
unlocking the rest of the tool to collect data. Tomeas-
ure a tree, the user confirms the date and time and
records surface conditions around the tree (dry vs
wet ground, leaves on trees, raining, snow/ice on the
ground). The user is then guided to select an indi-
vidual tree of any species that is at least 5 m tall and
for which the base and crown are clearly visible and
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identifiable, and with a clear, unobstructed walking
path to the tree. Standing 7–25 m away from the
tree, the user taps the ‘measure tree base’ button. The
app opens the camera with a dotted line and instruc-
tions overlaid on the screen. Holding the phone at eye
height, the user aligns the dotted line with the base of
the tree and taps the screen to capture the angle to the
base of the tree as measured by the phone’s internal
gyroscope. Without moving the phone vertically, the
user tilts the camera tomeasure the angle to the crown
of the tree, and then photographs the tree.

The user walks to the base of the tree in a straight
line, records the number of steps taken to reach the
tree (to determine distance), then confirms the latit-
ude and longitude location of the tree. The app estim-
ates location accuracy, and the user is requested to
refresh the location or tomanually enter the tree’s loc-
ation on a map to improve accuracy. The app then
uses the above information to calculate an estimate
of the tree’s height. If a measuring tape is available,
an optional step includes measuring the circumfer-
ence of the tree at breast height (to obtain the com-
monly measured diameter at breast height). In the
first three years of data collected via the GO Trees
tool (March 2019 through March 2022), approxim-
ately 30% of tree observations included circumfer-
ence measurements. As this is an optional secondary
measurement in the app, and not comparable to satel-
lite data, further discussion of circumference data is
not included in this paper. Tree species data are not
collected in this protocol.

The final screen of the tool provides a sum-
mary of the values entered. Each field may be edited
(see figure 1). The user may edit the estimated dis-
tance to the tree with a measured value to improve
height accuracy.

Tree height is calculated as follows (GLOBE2019):
Figure 2 shows the geometry associated with the

GO Trees tool. User inputs provide the angles ‘A’ and
‘B’, the camera height ‘h’ and the distance to the tree
‘d’. The tree height ‘T’ is the sum of ‘t1’ and ‘t2’.

T= t1+ t2

t1= f × Tan(B)

t2= f × Tan(A)

and f= d× Sin(F)

So T= f × (Tan(B)+Tan(A))

Using basic geometry principles, we can see:

F= D+ E

Figure 1. On-screen instructions guide citizen scientists to
record the angle to the base and crown of the tree, estimate
the distance to the tree, and record its location in GO Trees.

Figure 2. Geometry used in GO Trees to calculate tree
height.

D= 90−B

and using the law of sines, we can show:

E= arcsin

(
h × Sin(D)

d

)
.

Substituting D+ E forF, we get:

f= d × Sin

(
90−B+ arcsin

(
h × Sin(90−B)

d

))
.

So tree height, T becomes:

T= d × Sin

(
90−B+ arcsin

(
h × Sin(90−B)

d

))
× Tan(B)+Tan(A)).

Given that:
n: number of steps
L: stride length (m)
Hc: camera height (m)
Htree: full tree height (m)
h1: upper tree height (m)
h2: lower tree height (m)
α: app-measured top angle (degrees)
β: app-measured bottom angle (degrees)

We calculate:

φ= radians (90−β)
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θ = radians(90− a)

λ= arctan

(
Hc

nL

)
−φ

h1 = tan(θ)

h2 = tan(φ)

d= nLcos(λ)

Htree = d(h1 + h2) .

Certain constraints are placed on user inputs to
avoid unreasonable numbers for characteristics such
as height (0.61–2.44 m, the height of a small child
to that of a very tall adult) and angles (angle to
tree base [angle D] ⩾ 15◦, angle to tree top [angle
A+ B+ D]⩽ 165◦). In addition, the user must be at
least 7.62 m and nomore than 22.86m away from the
tree. Based on these constraints, the maximum tree
height a 2.44 m tall person (camera height 2.34 m)
could measure at the maximum distance is 90.66 m,
and at the minimum distance is 31.78 m. The max-
imum tree height a 0.61 m tall person (camera height
0.51 m) could measure at the maximum distance is
88.83 m, and at the minimum distance is 29.95 m.

GO Trees was released on 26 March 2019. By the
end of 2021, more than 40 000 GO Trees measure-
ments have been submitted directly from the app.
These data are available to view and download at
www.globe.gov/globe-data.

2. Methods

2.1. Potential errors in GO Trees measurements
We assessed sources of error from user input in the
GO Trees data. Previous studies have suggested the
need for data quality assessments of citizen science
data (e.g. Crall et al 2011). After launching the tool, we
assessed variability in user-submitted height estim-
ates through an analysis of a set of repeat measure-
ments made by multiple users over a short period
of time.

2.1.1. GO tree height accuracy testing
Because GO Trees offers an approach for measuring
tree height that is significantly different from tradi-
tional field measurement techniques, we tested the
accuracy across a range of angles and distances. In
development of GO Trees, we assessed the sensitiv-
ity of each user input variable to error by compar-
ing measurements of A, B, and d for eight trained
users where both d and Ttree were known independ-
ently (table 1). Each of the eight users performed three
supervised measurements, with angles and distances

recorded and calculations compared to the known
values.

For the two angles recorded, the standard devi-
ation was calculated. The bottom angle recorded had
the largest average standard deviation across users of
0.27 degrees (Kuhlmann et al 2021) estimated angle
error measurements due to sensor differences across
a large number of phones had a mean deviation of
0.05 degrees. As a result, a component of what is
being attributed to user error may include sensor
inaccuracies.

The true distance to the object was comparedwith
the estimated distance, d, and an error in stride length
was determined for each test user.

To assess variability across volunteers and the
potential impact of user error on height measure-
ments, we identified a cluster of data in which 76
unique users measured two trees using GO Trees.
Photos and locations confirm that the group (a
Queens, NY, high school Algebra class) measured
two trees, A and B, between 6 and 19 October 2021.
All students started their observations at approxim-
ately the same locations 16.4 m (tree A) and 16.8 m
(tree B) away from the trees. We removed data sub-
mitted by duplicate user identification numbers to
eliminate potential error in Hc introduced by a stu-
dent using another’s device without adjusting the
user height. The dataset included six anomalously low
height estimates indicative of user error, and these
were also removed.

2.2. Considering GO tree height with ICESat-2 and
airborne lidar
In order to inform the collection of tree height obser-
vations for comparison to satellite data, we performed
two investigations. We compared GO Trees height
data with ICESat-2 observations for an area in Green-
belt, MD. The second investigation used tree height
data collected from airborne lidar data to compare
to ICESat-2 observations in Grand Mesa, CO. The
more dense and precise observations of airborne lidar
data are ideal for comparison with space-based alti-
meters such as ICESat-2 (e.g. Ilangakoon et al 2021,
Malambo and Popescu 2021). Comparing airborne
lidar-measured tree heights with measurements from
space-based lidar will enhance understanding of such
tree measurements and enable us to make recom-
mendations for GO Tree observers and researchers
who are interested in usingGOTree observationswith
ICESat-2.

Several processed data products relevant to can-
opy heights are available from ICESat-2, including
medium and high confidence along-track geolocated
photons (ATL03) and along-track elevation profiles
of terrain and canopy heights (ATL08). The ATL03
photons are comparable to traditional lidar returns
in regard to their positional precision and dens-
ity and are classified by signal vs background and
in the case of terrestrial returns may include noise,
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Table 1.Measurement and tree height errors for the test group. Standard deviations and averages are across 3 measurements per user.

User 1 User 2 User 3 User 4 User 5 User 6 User 7 User 8
Average
(abs)

Standard
deviation

Bottom angle (β)
stdev (degrees)

0.29 0.29 0.39 0.01 0.23 0.25 0.45 0.21 0.27

Top angle (α)
stdev (degrees)

0.35 0.13 0.27 0.23 0.14 0.047 0.20

Average distance to
tree error (m)

0.037 −0.305 1.982 1.494 −0.061 0.823 1.341 −0.534 0.823 0.939

Stride length
average error per
stride (m)

0.003 0.014 −0.098 −0.073 0.003 −0.012 −0.064 0.024 0.037 0.046

Average height
error (m)

0.329 0.091 1.098 0.701 −0.061 −0.335 0.732 −0.305 0.457 0.524

% Error in tree
height

4% 1% 14% 9% −1% −4% 9% −4% 6% 7%

ground, and vegetation. The ICESat-2 data have a
6.5 m geolocation knowledge mission requirement
(Neuenschwander and Magruder 2019). The ALT08
provides ground and a canopy surface posted at vari-
able length scales relative to signal level, for each beam
presented along-track. In cases with fewer than 50 sig-
nal photons in a 100 m segment, height is considered
invalid and not provided. As this type of measure-
ment averages vegetation height over a distance, we
did not evaluate the relationship between ATL08 and
GO- or airborne lidar-measured tree heights.

2.2.1. Greenbelt, Maryland
To collect citizen science comparison data, we iden-
tified an ICESat-2 track (Track 103, path gt1l, col-
lected on 5 April 2019) through wooded public land
on level ground in Greenbelt, MD. GO project staff
took 21 tree measurements with GO Trees between
April and December 2019. The trees measured were
primarily oak, sweet gum, andVirginia pine.We com-
pared these measurements to ATL03 data from the
ICESat-2 track.

2.2.2. Grand Mesa, Colorado
Our second study area, Grand Mesa, was chosen
based on available data from the NASA SnowEx cam-
paign (Currier et al 2019). The study area is relat-
ively flat terrain. The tree species within the ICESat-2
transect include Engelmann spruce, subalpine fir, and
lodgepole pine.

Airborne lidar data were collected for the study
area in September 2016, with an average density of
approximately 3 points m−2. The horizontal and ver-
tical accuracy of the airborne data is 30 and 8 cm,
respectively (Hojatimalekshah et al in review).

We extracted the ground surface and all above
ground canopy heights to compare with ICESat-2
data and clipped the point cloud to 10mon either side
of the ICESat-2 track. We utilized ATL03 data from
Track 1156, path gt2l, collected on 10 June 2020.

3. Results

3.1. GO Trees user variable error assessment
During development testing, all test users, except one,
measured tree height to an accuracy better than 10%
(the design requirement) with a standard deviation
across users of 7%.

Based on these results and to extrapolate perform-
ance across a wide range of situations, we used the
angle standard deviation of 0.27 degrees, and a step
standard deviation of 0.046m and calculatedwhat the
measurement error would be for 1×, 2× and 3× the
standard deviation for a tree of 15 m tall, for a user at
distances of 25, 50, 75, 100 and 200 steps away.We also
calculated the impact a change in camera height of 3,
5, and 8 cm away from the calculated camera height
(Hc) would have on the overall error.

The drawing (figure 3) below illustrates this set of
cases.

Table 2 presents the results as percent error for
the estimated tree height with each variable at 1×, 2×
and 3× the standard deviation determined in table 1
for the distances of 25, 50, 75, 100 and 200 steps.
For example, column two indicates that with a stride
delta of 4.57 cm, the error in tree heightmeasurement
ranges from 5% to 6% as the user’s distance increases
from 25 to 200 steps.

The following may be interpreted from these
results:

(a) The impact of user distance from the tree is
moderate up to 100 steps. As the user reaches
200 steps, angle differences cause greater inac-
curacies. For example, the top angle delta of
0.54 degrees causes a 2% error at 25 steps but
increases to 11% at 200 steps. To reduce error,
GO Trees warns the user if they exceed 50
steps.

(b) For all angles measured, and for camera height
errors of up to 3 sigma (based on a test case),
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Figure 3. Same height tree observed from different distances.

Table 2.% error in tree height measurement for varying distance and measurement errors.

Stride
delta (cm)

Top angle (α)
delta (degrees)

Bottom angle (β)
delta (degrees)

Camera height
delta (cm)

Steps 4.57 9.15 13.72 0.27 0.54 0.81 0.27 0.54 .081 2.44 5.18 7.62

25 5% 11% 16% 1% 2% 2% −1% −1% −2% 0% 0% 0%
50 5% 11% 16% 1% 2% 4% −1% −2% −3% 0% −1% −1%
75 6% 12% 18% 2% 4% 6% −1% −3% −4% 1% 0% −1%
100 6% 12% 18% 2% 4% 6% −3% −5% −8% −1% −2% −3%
200 6% 12% 18% 6% 11% 16% −3% −8% 13% 2% −1% −3%

Table 3.% error in user input variables at varying distance to the tree and tree heights.

Stride delta (cm) αdelta (degrees) β delta (degrees)
Camera height
delta (cm)

Tree height Steps 4.57 9.15 13.72 0.27 0.54 .081 2.44 5.18 7.62 0.27 0.54 .081

9 25 6% 11% 17% 1% 2% 3% −1% −2% −3% 0% 0% −1%
18 50 6% 12% 17% 1% 2% 3% −1% −2% −3% 0% −1% −1%
27 75 6% 12% 18% 1% 2% 3% −1% −2% −3% 0% −1% −1%
35 100 6% 12% 18% 1% 2% 3% −1% −2% −3% 0% −1% −1%
70 200 6% 12% 18% 1% 2% 3% −1% −2% −3% 0% −1% −1%

and up to a maximum of 100 steps, all scenarios
indicate a maximum error of less than 10%.

(c) GO Trees is most sensitive to stride length. A one
sigma stride length error remains within the 10%
range, 2 sigma just exceeds, and 3 sigma shows
significant errors. These can bemitigated by ask-
ing the user to validate the stride length estim-
ated for them by the app.

(d) This analysis considers input errors individually
but does not evaluate how combined errors (e.g.
stride error plus camera height error) will affect
overall height estimates. In practice, errors will
most likely be combined for either improved or
decreased accuracy.

Table 3 showcases results from this analysis
indicate:

(a) Percent errors stay consistent as tree height
increases and distance from tree increases.

(b) For all angle measurement errors and cam-
era height errors, the tree height measurement
remains very small (<3%).

(c) The sensitivity to stride length is again the largest
factor, with the 2 sigma value just exceeding the
goal of 10% error (12%).

3.2. GO Trees citizen science height measurement
consistency field accuracy
To assess the consistency with which unsupervised
volunteers used the app to measure tree height, we
identified two trees measured by 76 unique users (see
figure 4). For tree A, the average height measured
across 38 users was 10.08mwith a standard deviation
from the average of 1.42 m or 14% from the aver-
age. Tree B had an average height across 38 users of
14.92 m with a standard deviation of 2.27 m or 15%
from the average.

As described above, testing among experienced,
supervised volunteers showed no clear bias in the app
with height errors below 10%. If we assume that the
app measurement is unbiased and the average height
of each tree is close to the actual height, a spread
from the average greater than 10% may be attrib-
uted to user error. Fifty percent of the GLOBE tree A
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Figure 4. Tree heights, with 10% errors, reported for repeat
GO measurements of two trees.

Figure 5. Transect showing GO Trees data (red) overlaid
with ICESat-2 ATL03 medium and high confidence returns
(blue), and ATL08 canopy heights (black).

measurements fell beyond 10% of the average height.
Thirty-four percent of the measurements of tree B
fell outside of the 10% range. The most common
user errors are movement of the camera to different
heights whilemeasuring the angles to the top and base
of the tree and altering pace length when walking to
the tree. We recommend additional data collection of
trees of known height by unsupervised volunteers to
further test consistency.

3.3. Greenbelt, Maryland
Wenext comparedGOTrees data to an ICESat-2 track
in Greenbelt, Maryland, USA (see figure 5). Figure 6
plots the GO Trees data against the ATL03 (ATL08
data included for reference). While the GO height
data are relatively sparse (n = 21) in comparison to
the ICESat-2 data, the trend in elevations is similar.

It is not certain which tree corresponds to which
ICESat-2 observation, if any, given the geolocation
error of ICESat-2 returns (within 6.5 m) and GO
Trees data, which ranged from 5 to 20 m for most
measurements. These geolocation errorsmay account
for perceived differences in tree heights; however, the
observed correlation in height distributions indicates
that citizen science datamay have potential to serve as
comparison data for ICESat-2.

3.4. GrandMesa, Colorado
To better assess correlation of GO Trees height
measurement data with ICESat-2 data, we matched
ICESat-2 data with an independent airborne lidar

Figure 6. Transect showing airborne lidar returns (orange)
overlaid with ICESat-2 ATL03 medium and high confidence
returns (blue), and ATL08 canopy heights (black).

dataset with high-accuracy canopy and ground elev-
ation measurements. We hypothesize that the air-
borne lidar would elicit an understanding of ICESat-
2 canopy measurements, especially if ATL03 returns
are representative of the height of a tree or a coarser
measurement of canopy structure. The comparison
for the example transect indicates that the ICESat-
2 data captures similar canopy structure to the air-
borne lidar canopy, as well as similarly captures
the ground surface. A Welch two-sample t-test was
used to compare the distributions of measured elev-
ations and found that the sample means were within
1.06 m (for canopy returns), and 0.83 m for (ground
returns).

For examining the potential impacts of ICESat-
2 locational uncertainty and the potential that the
return was measuring parts of the non-top canopy
heights that were not the top, we did two comparis-
ons. First, when comparing the ICESat-2 returns with
airborne lidar returns from a much smaller swath
(1 m, representing the surface below the coordinates
of the ATL03 data), the relationship of the canopy
elevation of canopy returns was no longer significant;
however, the t-test for ground returns was still stat-
istically significant. This indicates that the ICESat-2
returns for canopies likely are measurements of tree
canopies from within the 6.5 m locational geoloca-
tion uncertainty and within the approximately 13 m
footprints, and may be possibly representing a fair an
amount of non-top canopy.

The second comparison method examined the
locational uncertainties of canopy measurements by
comparing ICESat-2 anddatawith airborne lidar data
returns at increasingly coarser scales in order to emu-
late the locational uncertainty of the GO Trees obser-
vations locations. Comparing the ICESat-2 canopy
returns with rasterized versions of the airborne can-
opy returns at 1, 2, and 5 m pixel sizes, t-tests indic-
ated that the relationship between the canopy eleva-
tions was significant at the 1 and 2 m scales (p-values
<0.05) but not the 5 m scale (p-value = 0.15). This
suggests that when the uncertainty of canopy height
measurements is greater than 2.5 m (Nyquist rate),
measurements that they may no longer correlate well
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with correspond to the ICESat-2 measured canopy
values.

The relative horizontal uncertainty and pulse
footprint size of ICESat-2 returns may be best mitig-
ated bymany GOTrees observations beneath ICESat-
2 tracks, and by measuring distinct trees, notable
in that they stand out by height or distance from
other trees. The results of the spatial resolution and
positional accuracy indicate that if the horizontal
positional uncertainty of the GO Trees observations
are greater than 2.5 m or the treetops are within
2.5 m from one-another, it is not advisable to use for
ICESat-2 analysis comparing individual tree heights.

An analysis of the GO Trees data from the first
three years of the app shows that 17.8% of the data
points for which accuracy information is available,
have a location accuracy of 10 m or better, while
another 12.4%are between 11 and 20m. Themajority
of the data points, 61.9%, have an accuracy between
21 and 100 m. As the location accuracy is stored with
each observation, users of the data are able to select
the data points with accuracy ranges appropriate to
their needs. As an example, in the case of the data
from Greenbelt, Maryland described above, 60% of
the data with accuracy information available had an
accuracy of 10 m or better, and fully 80% had an
accuracy of 20 m or better.

4. Conclusions

4.1. Tree height accuracy testing conclusion
Within the GO Trees method of estimating tree
height, stride length is the greatest source of error. A
one sigma error in stride length still results in good
performance (within 10%), while a 2 sigma stride
length error provides adequate performance (around
10%). Any further increase in stride length error res-
ults in poor height estimates. Errors in stride length
have a greater impact on the height estimate the
farther the user is from the tree, and for this reason,
users must be closer than 50 steps. Citizen scientists
can significantly improve this accuracy by validating
their stride length or measuring the actual distance to
the tree rather than using the value that is calculated
by the app.

In the sample of 8 test users with 3 repeat meas-
urements against a known object of 7.9 m, 7 of 8 test
users measured height within 10% accuracy with a
standard deviation across all 24 measurements of 7%.
The average of the 24 measurements demonstrated a
4% error in tree height.

Among citizen scientists in the field, app-based
estimates of tree height are generally less accurate
than other means but perform at their best for taller
trees: we saw a 32% increase in accuracy in repeat
measurements of a 14.9 m tree versus a 10.1 m tree.
For these reasons, it is recommended that citizen

scientists focus on measuring taller, more prominent
trees.

In fortuitous harmony with other findings of this
paper, GO Trees data are typically not collected in
dense canopy, as accurate measurements require that
the base and top of the tree are visible, and that the
observer is able to walk to the tree in a straight line
with no obstacles.

4.2. Using GO Trees data with ICESat-2
Hence, we suggest that for the purposes of supporting
spaceborne elevation data with citizen-science obser-
vations, GO Trees measurements are beneficial: (a)
when able to be measured with elevational precision
and horizontal accuracy, that tree height measure-
ments be taken of trees within a stand of similar-
height trees, and (b) when able to be measured with
elevational precision but without decent horizontal
accuracy (toward the higher end of the average 15 m;
Kohl et al 2021), that the citizen-scientist measure
prominent or otherwise identifiable trees such as
those that are significantly higher than their neigh-
bors, or those that stand alone.

ICESat-2 has the ability to measure the canopy
tops of individual trees to dense stands of trees.
GLOBE volunteers may not be able to use the GO app
to measure tree heights in areas with dense patches of
trees because they lack a clear line of sight andwalking
path to the tree from the initial point of observation.

We suggest that ATL03 is more comparable (than
ATL08) to tree height measurements of high geopos-
itional accuracy, as it is more directly comparable
to single-tree measurements as ATL08 is a derived
product along ICESat-2 tracks (Neuenschwander and
Pitts 2019). However, ALT08 may also be appropriate
when larger-area measurements of similar age-class
(cohort) trees are measured, regardless of horizontal
accuracy.

Based on our research, our specific, ranked
recommendations for maximum impact and applic-
ability of the GO Trees data with other global-scale
measurements such as ICESat-2 include:

(a) Align the relative geopositional accuracies (e.g.
GLOBE tree height and beneath ICESat-2
tracks).

(b) That citizen scientists maximize height accur-
acy by following the instructions in GO Trees.
Specifically, volunteers should see both the tree
top and bottom, use a normal gait to walk in a
straight, obstacle-free line from the observation
point to the tree or measure the distance with a
tapemeasure, select trees taller than 5m tomeas-
ure, and hold the camera at a steady height to
measure the angles to the top and bottom of the
tree.

8



Environ. Res. Lett. 17 (2022) 075003 J Enterkine et al

(c) Such measurements observe prominent or iden-
tifiable trees (such as large, isolated trees, or
trees that stand visibly above surrounding trees).
Ideally, such measurements would have a loca-
tion uncertainty within 2.5 m.

(d) If geolocation is less reliable or there are no
trees meeting criteria (c), that accurate measure-
ments ofmultiple trees within a larger homogen-
eous cohort be taken; such measurements may
be comparable with both ICESat-2’s ATL03 and
ATL08 data.

We note that these observations are a result of sig-
nificant experience with GO data (Dodson et al 2019,
Amos et al 2020, Colón Robles et al 2020, Kohl et al
2021, Low et al 2021) and analyses between airborne
lidar, ICESat-2, and GO Trees data limited to this
study. Additionally, while smart phone GPSmeasure-
ments are improving with most being at best accur-
ate to within 4 m, an analysis of GO data found an
average location accuracy of 14.5 m. Given the 13 m
ICESat-2 photon pulse footprint, this means that GO
Trees measurements within the footprint may not be
resolvable or may be misleading. Similar results have
been found in other studies (Li et al 2020, Nandy et al
2020), but additional studies should expand the types
and amount of tree cover.

From a larger perspective, GLOBE tree height
data, along with tree circumference data, may allow
NASA and other scientists to extrapolate biomass
which can inform calculations of the carbon that trees
and forests either absorb or release into the atmo-
sphere. The potential combination of GLOBE citizen-
science tree height data and ICESat-2 tree canopy data
can help build a much more robust dataset for sci-
entific research of biomass and carbon sequestration
by trees, as well as other globally scalable observations
such as forest recovery, reaction to climatic or envir-
onmental stress, or other large processes.

While location accuracy within the app may limit
one-to-one comparisons, ultimately the goal would
be to match GLOBE data and other height data, par-
ticularly data from space-based missions and instru-
ments. To this end, a new geofencing function is being
added to the GO app that can direct users to meas-
ure tree heights at specified locations. The app has a
similar time and location-based function that alerts
users to take a cloud observation when a satellite
is overhead (Hayden et al 2019), resulting in nearly
one million citizen science observations matched to
satellite data. The new geofencing function notifies
users of locations where data are desired, providing
a mechanism for collecting data based on a statistical
sample.

Perhaps ourmost fundamental recommendation,
in the interest of making citizen-science data col-
lection more approachable to all, is that one takes
a moment to appreciate a favorite or special tree
through contemplative mensuration.
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