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a  b  s  t  r  a  c  t

Accurately  measuring  the biophysical  dimensions  of  urban  trees,  such  as  crown  diameter,  stem  diameter,
height, and  biomass,  is essential  for quantifying  their  collective  benefits  as  an urban  forest.  However,
the  cost  of directly  measuring  thousands  or millions  of individual  trees  through  field  surveys  can  be
prohibitive.  Supplementing  field  surveys  with  remotely  sensed  data  can  reduce  costs  if measurements
derived  from  remotely  sensed  data  are  accurate.  This  study  identifies  and  measures  the  errors  incurred  in
estimating  key  tree dimensions  from  two types  of remotely  sensed  data: high-resolution  aerial  imagery
and  LiDAR  (Light Detection  and  Ranging).  Using  Sacramento,  CA,  as  the  study  site,  we obtained  field-
measured  dimensions  of  20 predominant  species  of  street  trees,  including  30–60  randomly  selected
trees  of  each  species.  For  each  of the 802  trees  crown  diameter  was  estimated  from  the aerial  photo  and
compared  with  the field-measured  crown  diameter.  Three  curve-fitting  equations  were  tested  using  field
measurements  to derive  diameter  at breast  height  (DBH)  (r2 =  0.883,  RMSE  = 10.32  cm)  from  the  crown
diameter.  The  accuracy  of  tree  height  extracted  from  the  LiDAR-based  surface  model  was compared
with  the  field-measured  height  (RMSE  =  1.64  m). We  found  that  the  DBH  and  tree  height  extracted  from
the  remotely  sensed  data  were  lower  than  their  respective  field-measured  values  without  adjustment.
The magnitude  of  differences  in these  measures  tended  to be larger  for  smaller-stature  trees  than  for
larger stature  species.  Using  DBH  and tree height  calculated  from  remotely  sensed  data,  aboveground

2
biomass  (r = 0.881,  RMSE  = 799.2  kg)  was  calculated  for individual  tree and  compared  with  results  from
field-measured  DBH  and  height.  We  present  guidelines  for  identifying  potential  errors  in  each  step  of
data  processing.  These  findings  inform  the  development  of  procedures  for monitoring  tree  growth  with
remote sensing  and  for calculating  single  tree  level  carbon  storage  using  DBH  from  crown  diameter  and
tree  height  in  the  urban  forest.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Accurate data on the biophysical dimensions of individual trees
uch as diameter at breast height (DBH), height, crown diame-
er, and biomass are essential for quantifying the economic value,

ocial benefits, and ecological services of the urban forest. Over the
ast few decades, numerous studies have quantified the benefits
f urban forests. These ecosystem services include the reduction of

� The use of trade or firm names in this publication is for reader information and
oes  not imply endorsement by the U.S. Department of Agriculture of any product
r  service.
∗ Corresponding author at: 119 Geoscience Building, Box 19049, 500 Yates Street,
rlington, TX 76019, USA. Tel.: +1 817 272 9365.

E-mail address: junhak@uta.edu (J.-H. Lee).

ttp://dx.doi.org/10.1016/j.ufug.2016.02.010
618-8667/© 2016 Elsevier GmbH. All rights reserved.
atmospheric carbon dioxide (Nowak et al., 2013; Nowak and Crane,
2002; Rowntree and Nowak, 1991), absorption of air pollutants
(Morani et al., 2011; Nowak et al., 2006; Scott et al., 1998), savings of
space-conditioning energy in buildings (Donovan and Butry, 2009;
Ko and Radke, 2014; McPherson and Rowntree, 1993; Simpson and
McPherson, 1998), mitigation of the urban heat island (Deng and
Wu, 2013; Huang et al., 1987; McPherson, 1994; McPherson and
Muchnick, 2005; Roberts et al., 2012; Weng, 2009), outdoor ther-
mal  comfort (Shashua-Bar et al., 2011) and reduction of stormwater
runoff (Xiao et al., 1998). Other studies have assessed social and eco-
nomic benefits, such as mental and physical health improvement
(Donovan et al., 2013; Gidlöf-Gunnarsson and Öhrström, 2007;

Kaplan and Kaplan, 1989; van den Berg et al., 2010), crime reduc-
tion (Kuo and Sullivan, 2001; Schroeder and Anderson, 1984), and
increased property values (Anderson and Cordell, 1988; Sander
et al., 2010). As more people recognize the value of these services it

dx.doi.org/10.1016/j.ufug.2016.02.010
http://www.sciencedirect.com/science/journal/16188667
http://www.elsevier.com/locate/ufug
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ufug.2016.02.010&domain=pdf
mailto:junhak@uta.edu
dx.doi.org/10.1016/j.ufug.2016.02.010
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ecomes increasingly important to develop accurate and economi-
al methods for measuring trees’ dimensions and quantifying their
erformance.

In the past decade, remotely sensed data with high spatial
esolution has been used to supplement field measurements of for-
st stand structure and tree dimensions. Aerial photographs and
hotogrammetric techniques have been used to measure forest
arameters such as species, size, canopy density, and number of
rees (Gong et al., 1999; Spurr, 1960). In particular, photogram-

etric measurements have become popular for extracting precise
orest information, even at the level of individual trees, due to
heir high spatial resolution and accuracy (Dralle and Rudemo,
997; Korpela, 2004; Larsen and Rudemo, 1998). Several stud-

es have developed automated approaches to extract individual
ree canopy from high spatial resolution digital images, but these
utomated approaches are most applicable on forest areas with
niform patterns and distinctive tree canopies (Culvenor, 2002;
ougeon, 1995; Gougeon and Leckie, 2006; Ke and Quackenbush,
011; Wang et al., 2004; Wulder et al., 2000). In the case of het-
rogeneous urban areas, however, with many species of trees in

 non-uniform distribution, human interpreters more effectively
ecognize tree objects than automated programs (Nowak, 1993;
owak and Greenfield, 2012; Parlin, 2009). Recently, Light Detec-

ion and Ranging (LiDAR) technology is garnering attention because
f the capability of extracting both horizontal and vertical infor-
ation at high spatial resolutions using airborne (Alonzo et al.,

015; Hyyppä et al., 2008, 2004; Koch and Dees, 2008; Lim et al.,
003) and ground-based system (Lefsky and McHale, 2008; McHale
t al., 2009). Combined with hyperspectral imagery, LiDAR data
an provide detailed species information in complex urban areas
Alonzo et al., 2014). Remote sensing techniques have been used
ith plot-based estimates of carbon storage to quantify and map
rban forest carbon stocks citywide (McPherson et al., 2013).

While recent remote-sensing techniques provide useful infor-
ation on the structure, function and value of urban tree canopy,

t remains unclear how errors propagate during the process of esti-
ating individual tree dimensions and biomass using remotely

ensed data (e.g., airborne digital images, aerial photos, and LiDAR).
f remote sensing can serve as an effective supplement to field sur-
eyed data, it could make monitoring more economical by reducing
he frequency of field measurements. The accuracy of tree dimen-
ions measured with remote sensing are influenced by errors that
ccur during each step of the calculation. For example, correctly
ocating the target tree for measurement can be a possible source
f error when its location is not accurately noted because falsely
atched tree information could affect the model calibration and

alidation. Classification or digitizing the tree crown (e.g., aerial
mage interpretation) is a major source of error due to difficulties
eparating the overlapping boundaries of tree crowns (Richardson
nd Moskal, 2014). Additional uncertainty is added with use of
egression models to estimate tree dimensions such as DBH, which
annot be directly measured from airborne remotely sensed data
Mäkinen et al., 2006). Each step in the process can amplify the error
f the estimated tree dimension. Given this challenge, it is imper-
tive to assess the accuracy of estimated dimensions before they
re used to calculate tree biomass, carbon storage or other urban
orest functions.

This study aims to assess the accuracy of remotely sensed data
or measuring urban tree dimensions and biomass. We  identify
nd measure errors obtained at each step of the estimation pro-
ess to (1) determine crown diameter, DBH and tree height from
erial photographs and LiDAR imagery and (2) calculate above-

round biomass using estimated DBH, tree heights, and allometric
quations from each species (Fig. 1). Estimated tree dimensions
re compared with actual dimensions obtained from field mea-
urements of 818 trees comprising the 20 predominant street tree
Fig. 1. Research design.

species (Table 1) in Sacramento, CA. For each tree we digitize the
crown projection area (CPA), calculate the crown diameter (CDap),
and compare it with field measured crown diameter. Using field
measured data, we  test three curve-fitting equations to establish
relations between field measured crown diameter and DBH for each
of the 20 sampled species, and identify the equation yielding the
lowest error for each species. We  apply the relevant equation to
the remotely sensed CPA for each tree and calculate its diameter
at breast height (DBHap). Similarly, the accuracy of each tree’s esti-
mated height is determined by comparing the field measured value
with height extracted from a LiDAR-based surface model (HTld).
These DBHap and HTap values are used with species-specific allo-
metric equations to calculate each tree’s aboveground biomass,
which is compared to results from the field-measured DBH and
height. It is important to note that we  used publically available
remotely sensed data that were not ideal. The LiDAR data were
acquired during leaf-off condition and a time gap of several years
exists between the time LiDAR was acquired and field measure-
ments were recorded. However, these limitations are not unique to
this study, and could be encountered by other cities and researchers
interested in estimating the biophysical parameters and biomass of
local trees. The effectiveness and limitations of the remote sensing-
based measurements, biometric models and the resulting errors are
discussed. We  conclude that remotely sensed data can be a viable
alternative to field measurements if the accuracies of derived tree
dimensions are quantitatively assessed. These results will assist
cities, consultants and others develop procedures to routinely mon-
itor and measure tree dimensions with accepted levels of accuracy.
When combined with periodic field surveys, this approach may
reduce the cost of monitoring compared to solely relying on tra-
ditional field surveys.

2. Methods

2.1. Study area

The City of Sacramento covers 253.61 km2 (38◦33′20′′N
121◦28′8′′W,  Fig. 2) and has a population of 466,488, making it the
35th most populous city in the United States (US Census Bureau,
2014). Sacramento’s Mediterranean climate is characterized by
wet, mild winters and hot, dry summers. The average low tem-
perature in January is 3.3 ◦C while the average high temperature in
July is 33.9 ◦C. On average, 74 days a year are above 32.2 ◦C (90 ◦F)
(City of Sacramento, 2012).

Sacramento’s urban forest is nationally renowned because of its
rich history (McPherson and Luttinger, 1998) and successful part-

nerships among local agencies, utilities and non-profits. American
Forests, for example, selected the City of Sacramento as having one
of the 10 best urban forests in the United States (American Forests,
2014). Urban tree canopy is 18.2% and there are approximately 6.9
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illion trees in the Sacramento region (McPherson et al., 2013).
he city’s Urban Forestry section manages 115,000 trees in street
ights-of-way, parks, and other city facilities (American Forests,
014). Nowak and Crane (2002) estimated that the carbon den-
ity in Sacramento was very high (46.9 tC/ha; 36.1 kgC/m2 cover)
ompared to that of nine other US cities in their study, possibly due
o its extensive and mature urban forest (McPherson, 1998).

.2. Data

.2.1. Field measurements
We obtained field-measured dimensions of 818 Sacramento

treet trees from the US Forest Service (McPherson and Peper,
012). The stratified random sample of 20 predominant tree species
onsisted of 19–61 individual trees of each species (Table 1). The
ample for each species was stratified by DBH class so that at least
ne and no more than ten trees in each class were included (up
o nine classes for the largest species). Measurements included
BH (to the nearest 0.1 cm), and tree height (HT), height to crown
ase, and crown height (all to the nearest 0.5 m).  Crown diameter
CD) was measured in two directions (parallel and perpendicu-
ar to nearest street) to the nearest 0.5 m with a sonar measuring
evice. Tree age, defined as the number of years after planting, was
etermined from a combination of city records and historical data
McPherson and Peper, 2012).

Typically, equations to predict DBH from age, and to predict tree
eight, crown height, crown diameter, and leaf area from DBH, are
eveloped using least-squares linear and non-linear regressions
o determine best fit. Although site-specific environmental factors
such as microclimate, soil, and water) and human management
such as pruning) can cause individual urban trees of identical age
r DBH to differ widely in height, crown diameter, and leaf area,
hese statistical methods try to identify broad trends in a sample.
ver 1800 equations have been developed for 16 US reference cities

o predict the growth of street trees and to estimate the benefits
nd costs associated with street tree populations; some of these
quations have been published for California’s San Joaquin Valley
nd Southern Coastal regions (Peper et al., 2001a, 2001b).
.2.2. NAIP imagery
We used a set of Digital Ortho-rectified Images produced by

he National Agricultural Imagery Program (NAIP) in 2010. We

able 1
ummary statistics of sample trees: 20 predominant street tree species in Sacramento, CA

Code Scientific name Common name DBH (cm) 

n M

CEDE Cedrus deodara Deodar cedar 49 65
CEOC  Celtis occidentalis Northern hackberry 28 41
CESI4  Celtis sinensis Chinese hackberry 49 51
CICA  Cinnamomum camphora Camphor tree 50 61
FRVEG Fraxinus velutina modesto Modesto ash 36 59
GIBI  Ginkgo biloba Ginkgo 54 47
LAIN  Lagerstroemia indica Common crape myrtle 24 20
LIST  Liquidambar styraciflua Sweetgum 37 44
LITU  Liriodendron tulipifera Tulip tree 46 60
MAGR Magnolia grandiflora Southern magnolia 58 49
PICH  Pistacia chinensis Chinese pistache 34 40
PLAC  Platanus × acerifolia London planetree 41 56
PRCE  Prunus cerasifera spp. Cherry plum 19 26
PYCA  Pyrus calleryana spp. Callery pear 30 30
QUAG1 Quercus agrifolia Coastal live oak 45 47
QULO  Quercus lobata California white oak 44 59
QURU  Quercus rubra Northern red oak 32 41
SESE  Sequoia sempervirens Coast redwood 41 69
ULPA  Ulmus parvifolia Chinese elm 47 54
ZESE  Zelkova serrata Japanese zelkova 38 53

All  802 51
n Greening 16 (2016) 208–220

obtained the ortho-images from the California Spatial Information
Library. The images contained multispectral 4-bands (red, green,
blue and near infrared) with one-meter pixel resolution and were
formatted to the Universal Transverse Mercator (UTM) geographic
coordinate system using the North American Datum (NAD83). The
ortho-imagery was  rectified to a horizontal accuracy within 5 m of
reference digital ortho quarter quads.

2.2.3. LiDAR data
We processed two  existing LiDAR data sets from 2007 and

2008 to cover the City of Sacramento (Fig. 2). The first LiDAR
dataset covered the Lower Sacramento River Study Area under the
Central Valley Flood Plain Evaluation and Delineation project, for
the California Department of Water Resources. The dataset was
acquired in March 2008 and the data processing was  completed
in 2010. LiDAR data were collected at a density of 1.0 point per
square meter, using a Leica ALS50-II sensor flown at an average
flight height of 1219 m above mean sea level and an average sidelap
of 30%. Up to four returns were recorded for each pulse in addition
to an intensity value. The deliverable coordinate system was UTM
Zone 10 Feet NAD83, with a vertical datum of NAVD 1988 Potter-
field Geoid. The second dataset was obtained from the LiDAR flights
of the Sacramento-San Joaquin Delta conducted during late January
and February of 2007. The data were collected at 0.787 points per
square meter utilizing an Optech ALTM-3100 sensor flown at an
altitude of 1676 m and an average sidelap of 40%. All data were reg-
istered to UTM Zone 10, NAD83, vertical datum NAVD88. We  should
note that both sets of LiDAR data were obtained in winter months,
when deciduous trees were dormant and leafless. The crown pro-
jection area of deciduous trees is harder to estimate accurately
when trees are out of leaf than when they are in leaf.

2.3. Crown measurements using the NAIP images

We  obtained crown measurements by digitizing crown bound-
aries from the NAIP imagery using ArcGIS 10.0 (ESRI). We used both
false-color-composite (near infrared, red, and green) and natural-
color (red, green, and blue) images to determine the boundary of

individual trees. We  determined the locations of the field-measured
trees in the NAIP images based on the description of the tree
location from the field survey. Photographs taken during the field
survey also offered supplementary information used to verify that

.

Tree height (m)

ean Min  Max  Std. Mean Min  Max  Std.

.4 6.2 133.0 33.8 20.0 2.8 30.2 6.9

.4 11.7 94.6 21.5 11.5 4.8 22.8 4.6

.9 5.7 125.0 27.4 12.3 2.8 24.4 4.8

.1 7.6 135.8 34.1 13.9 3.0 26.2 5.6

.4 4.4 145.5 30.2 12.7 4.0 23.0 4.2

.5 4.7 110.0 23.6 14.9 3.0 30.2 6.2

.6 7.6 40.9 10.1 6.3 3.0 10.0 1.6

.5 4.1 120.5 24.7 16.9 3.5 33.0 7.1

.0 5.0 140.8 32.4 20.6 3.2 35.2 7.6

.6 6.0 95.6 21.8 12.8 4.0 22.6 4.3

.0 4.8 72.8 17.8 12.3 3.8 19.0 3.9

.1 9.3 133.9 32.7 17.2 5.0 36.0 8.2

.9 9.5 36.9 8.8 6.6 3.3 9.8 2.0

.1 6.3 56.6 13.9 11.1 4.5 18.5 4.0

.2 6.2 97.7 22.4 11.8 2.6 19.8 4.4

.9 7.7 135.6 37.3 15.2 6.5 27.0 5.5

.9 3.5 101.6 26.4 14.7 4.0 26.0 6.7

.2 8.7 173.1 49.1 19.2 4.5 36.0 10.0

.3 8.2 98.2 22.0 15.4 4.0 24.8 5.3

.1 5.1 114.3 29.4 13.9 4.2 26.0 5.6

.2 3.5 173.1 30.3 14.5 2.6 36.0 6.8
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Fig. 2. Overview of study area (City of Sacramento boundary). Circles show

he field-measured trees were the same ones identified in the NAIP
mages. Once we had determined the corresponding tree in the
AIP image, we carefully delineated the crown boundary from the
rtho-images. It should be noted that there are limitations to man-
al interpretation. For example, although we used ortho-images,
ot all images were perfectly ortho-rectified. Some of the images
howed building faç ades that would not be visible in properly rec-
ified aerial photos (Mäkinen et al., 2006). Although the LiDAR
ata had better geometric accuracy than the NAIP imagery, we
sed the NAIP imagery because it was acquired during the leaf-
n season, thus better representing the real crown area. Digitized
rown boundaries also had errors because some were too fuzzy to
learly distinguish boundaries. In the case of clumped trees with
ontiguous canopies, it was challenging to draw a clear distinction
etween each tree’s crowns. Although the same person digitized
ll the crown boundaries, some decisions relied on the researchers’
nterpretation. Each tree’s crown projection area (CPA) was cal-
ulated from the digitized crown boundary recorded in the GIS
Geographic Information System). We  calculated an average crown
adius (m)  from CPA and converted to crown diameter by multiply-
ng by two. This conversion assumed that tree crowns were circular,
n assumption supported for open growing trees (McPherson and
owntree, 1988; Wilkinson, 1995) but not tightly clustered trees.

.4. Tree height estimation using LiDAR data
Because the NAIP imagery provided two-dimensional informa-
ion only (i.e., CPA), we extracted tree heights from the LiDAR
urfaces. This was accomplished by subtracting the elevation value
f the ground at the treetop location in DEM from the treetop
ocation of field measured trees (size of circle is proportional to tree DBH).

elevation value in DSM. This LiDAR-based method reduced poten-
tial estimation error compared to indirectly estimating tree heights
using allometric equations that were based on estimated crown
diameter and DBH. Also, allometric estimations may not account
for the effects of pruning on tree height. Crown reduction pruning
is undertaken when trees grow into overhead power lines, street
lights, traffic signals and signs.

Treetops were first detected from the Digital Surface Model
(DSM) derived from LiDAR points. We  converted discrete LiDAR
points to a regular grid. We  laid out a grid and assigned the max-
imum value within each cell as a cell value to derive the top
of the surface with 1 m cell size (Popescu and Wynne, 2004).
After linear interpolation was performed, 2D Gaussian filter was
applied to smooth the DSM. Then, we  use the extended-maxima
transform, which is a useful method to detect peaks (“maximal
structure”) in the canopy surface model (Chen et al., 2006; Kwak
et al., 2007; Lee, 2010). Extended-maxima transformation is the
regional maxima of the H-maxima transformation that suppresses
all maxima whose height or depth does not exceed a given thresh-
old level h (here, h = 0.5 m)  (Chen et al., 2006; Kwak et al., 2007;
Lee, 2010). Fig. 3 illustrates an example of the extended-maxima
transformation (Lee, 2010). Because the result of extended max-
ima  transformation was  a region (connected cells), the maximum
elevation value in the region of the DSM was selected as a tree-
top. Here, these “detected blobs” include the peaks of tree crowns
and the partial roof planes of buildings. We  selected detected blobs

that were within the digitized crown boundaries and classified
them as treetops. When multiple treetop points existed within a
crown boundary, we chose the maximum elevation value for our
calculation of the tree’s height. Finally, we  obtained tree heights by
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ig. 3. An example of extended-maxima transformation. (a) Digital Surface Model. (
axima (thick solid line) from the H-maxima transformed image (solid line).

ubtracting the elevation value of ground at the treetop location in
igital Elevation Model (DEM) from the treetop elevation value in
SM.

.5. Regression model to estimate DBH from crown radius by
pecies

Three fitting models were tested to estimate DBH from crown
iameter by species: one linear model (Eq. (1)) and two  nonlinear
odels (Eqs. (2) and (3)). Dawkins (1963) found that relationships

etween crown diameters and stem diameters of trees are close
o being linear when the DBH range is 20–50 cm (Hemery et al.,
005). Mugo et al. (2011) found that the linear model is the best
o estimate DBH from crown diameters for three out of the five
pecies tested. Lockhart et al. (2005) argued that the linear model
rovided the best model fit for estimating DBH from mean crown
adius for six hardwood species. Popescu (2007) applied a linear
elationship to estimate DBH from LiDAR-driven crown diameter
nd tree height. Kalliovirta and Tokola (2005) predicted DBH using
rown diameter with a square root transformed curve fitting model
Eq. (2)). Korpela et al. (2007) applied this model to estimate DBH
sing the crown diameter measurement from aerial images. Chen
t al. (2007) tested the univariate power models to estimate basal
rea (or DBH) from crown diameter based on basic allometric rela-
ionships found in plant sciences (Enquist, 2002; West et al., 1999).
lthough it is possible to estimate DBH directly from crown diam-
ter from aerial image, we intentionally separated this into two
teps – (1) crown measurements from aerial images and (2) pre-
icting DBH from crown diameters so that the regression models
estimating DBH from crown diameter) for different tree species
re available to other studies.

BHi = a × CDi + b (1)

DBHi = a ×
√

CDi + b (2)

BHi = a × CDb
i (3)

here DBHi is the diameter at breast height for species “i”, CDi the
rown diameter for species “i”, and a and b are the parameters to
e estimated.

For each of the 20 species described above, we checked normal-

ty and homoscedasticity assumptions for the models by using the
ox-Cox method (Draper, 1998). If a model violated our assump-
ions, we dropped that model, regardless of goodness of fit. We
alculated the root mean squared error of estimation (RMSE) and
axima transformation (solid line) of the DSM (dashed line). (c) Extracting regional

the coefficient of determination (R2) to evaluate goodness of fit.
Based on the model’s goodness of fit, we  determined the best model
to predict DBH from crown diameter (Anderson-Sprecher, 1994;
Chen et al., 2007). We  used 10-fold cross-validation to minimize
the underestimation of the prediction errors due to the usage of the
same data for the training and testing (Rozeboom, 1978; Shrestha
and Wynne, 2012; Stone, 1974; Zhang, 1997).

2.6. Aboveground biomass estimation from the remotely sensed
data by species

Accurate biomass estimation is critical to assessing carbon stor-
age in trees because they are directly proportional to each other.
Allometric equations are commonly used to calculate biomass from
DBH and tree height (Jenkins et al., 2003; Niklas, 1994). We  cal-
culated the biomass of individual trees with two scenarios from
the remotely sensed data: (1) using only DBHap estimated from
the aerial photo and (2) using DBHap and tree heights measured
from LiDAR data (THld) (McHale et al., 2009). We  used 10-fold
cross-validation for the accuracy assessment of biomass estimation
(Rozeboom, 1978; Shrestha and Wynne, 2012). We  compared these
remotely sensed estimations of biomass to the results calculated
from the field-measured DBH and tree height. We  then selected
allometric equations for each species using the following hierarchy:
(1) urban-derived equations for the species and (2) forest-derived
equations for the region. Tables 2 and 3 show (1) the equations
for biomass estimation using DBH only and (2) the equations
for biomass estimation using DBH and height, respectively. We
carefully identified outliers using jackknife residuals for biomass
estimation by species (Kleinbaum and Nizam, 2008; Shrestha and
Wynne, 2012). We examined every outlier and excluded an outlier
only if we could clearly justify its cause.

3. Results

3.1. Crown diameter estimation accuracy from aerial images

We  assessed the accuracy of crown diameters extracted from
the NAIP images by comparing them with the field-measured
crown diameters for each species. Additionally, we calculated the

mean and standard deviation of the differences between the crown
diameters from aerial imagery and those from field measure-
ments (CDfm − CDap) (Fig. 4). For all species, mean crown diameters
from aerial images were lower than field-measured diameters, and
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Table  2
Equations for biomass estimation using DBH only.

Scientific name Equations Sources

Cedrus deodara =(exp(−2.0336 + 2.2592 × ln(dbhcm)) − exp(−2.9584 + (4.4766/dbhcm))) Jenkins et al. (2004)a

Celtis occidentalis =0.0014159 × dbhcm1.928 McHale (2007)
Celtis  sinensis =0.0014159 × dbhcm1.928 McHale (2007)
Cinnamomum camphora =0.0283168466(0.031449 × (dbhcm/2.54)2.534660) Pillsbury et al. (1998)
Fraxinus velutina modesto =0.0283168466(0.022227 × (dbhcm/2.54)2.633462) Pillsbury et al. (1998)
Ginkgo biloba =0.000283509 × dbhcm2.310647 Aguaron and McPherson (2012)
Lagerstroemia indica =0.000283509 × dbhcm2.310647 Aguaron and McPherson (2012)
Liquidambar styraciflua =0.0283168466(0.030684 × (dbhcm/2.54)2.560469) Pillsbury et al. (1998)
Liriodendron tulipifera =0.000283509 × dbhcm2.310647 Aguaron and McPherson (2012)
Magnolia grandiflora =0.0283168466(0.022744 × (dbhcm/2.54)2.622015) Pillsbury et al. (1998)
Pistacia chinensis =0.0283168466(0.019003 × (dbhcm/2.54)2.808625) Pillsbury et al. (1998)
Platanus × acerifolia =0.0283168466(0.025170 × (dbhcm/2.54)2.673578) Pillsbury et al. (1998)
Prunus cerasifera spp. =0.000283509 × dbhcm2.310647 Aguaron and McPherson (2012)
Pyrus calleryana spp. =0.000283509 × dbhcm2.310647 Aguaron and McPherson (2012)
Quercus agrifolia Not available – dbh and ht only
Quercus lobata Not available – dbh and ht only
Quercus rubra =(0.1130 × (dbhcm2.4572)) − (exp(−4.0813 + (5.8816/dbhcm))) Ter-Mikaelian and Korzukhin (1997)
Sequoia sempervirens =(exp(−2.0336 + 2.2592 × ln(dbhcm)) − exp(−2.9584 + (4.4766/dbhcm))) Jenkins et al. (2004)a

Ulmus parvifolia =0.0048879 × dbhcm1.613 McHale (2007)
Zelkova serrata =0.0283168466(0.021472 × (dbhcm/2.54)2.674757) Pillsbury et al. (1998)

Source: Peper, P. US Forest Service.
a Modified from Jenkins et al. (2004)’s equation by excluding foliar biomass.

Table 3
Equations for biomass estimation using DBH and tree height.

Scientific name Equations Sources

Cedrus deodara =(exp(−2.0336 + 2.2592 × ln(dbhcm)) − exp(−2.9584 + (4.4766/dbhcm))) Jenkins et al. (2004)a

Celtis occidentalis =0.002245 × dbhcm2.118 × htm−0.447 McHale et al. (2007)
Celtis sinensis =0.002245 × dbhcm2.118 × htm−0.447 McHale et al. (2007)
Cinnamomum camphora =0.0283168466 × (0.00982 × (dbhcm/2.54)2.13480 × (3.28 × htm)0.63404) Pillsbury et al. (1998)
Fraxinus velutina modesto =0.0283168466(0.00129 × (dbhcm/2.54)1.76296 × (3.28 × htm)1.42782) Pillsbury et al. (1998)
Ginkgo biloba =0.000196665 × dbhcm1.951853 × htm0.664255 Aguaron and McPherson (2012)
Lagerstroemia indica =0.000196665 × dbhcm1.951853 × htm0.664255 Aguaron and McPherson (2012)
Liquidambar styraciflua =0.0283168466 × (0.01177 × (dbhcm/2.54)2.31582 × (3.28 × htm)0.41571) Pillsbury et al. (1998)
Liriodendron tulipifera =0.000196665 × dbhcm1.951853 × htm0.664255 Aguaron and McPherson (2012)
Magnolia grandiflora =0.0283168466 × (0.00449 × (dbhcm/2.54)2.07041 × (3.28 × htm)0.84563) Pillsbury et al. (1998)
Pistacia chinensis =0.0283168466(0.00292 × (dbhcm/2.54)2.19157 × (3.28 × htm)0.94367) Pillsbury et al. (1998)
Platanus × acerifolia =0.0283168466 × (0.01043 × (dbhcm/2.54)2.43642 × (3.28 × htm)0.39168) Pillsbury et al. (1998)
Prunus cerasifera spp. =0.000196665 × dbhcm1.951853 × htm0.664255 Aguaron and McPherson (2012)
Pyrus calleryana spp. =0.000196665 × dbhcm1.951853 × htm0.664255 Aguaron and McPherson (2012)
Quercus agrifolia =0.0283168466 × (0.0065261029 × (dbhcm/2.54)2.31958 × (3.28 × ht)0.62528) Pillsbury and Kirkley (1984)
Quercus lobata =0.0283168466 × (0.005887 × (dbhcm/2.54)1.94165 × (3.28 × htm)0.86562) Pillsbury and Kirkley (1984)
Quercus rubra =(0.1130 × (dbhcm2.4572)) − (exp(−4.0813 + (5.8816/dbhcm))) Ter-Mikaelian and Korzukhin (1997)
Sequoia sempervirens =(exp(−2.0336 + 2.2592 × ln(dbhcm)) − exp(−2.9584 + (4.4766/dbhcm))) Jenkins et al. (2004)a

Ulmus parvifolia =0.000338 × dbhcm0.855 × htm2.041 McHale et al. (2007)
Zelkova serrata =0.0283168466(0.00666 × (dbhcm/2.54)2.36318 × (3.28 × htm)0.55190) Pillsbury et al. (1998)

Source: Peper, P. US Forest Service.
a Modified from Jenkins et al. (2004)’s equation by excluding foliage biomass.
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ig. 4. Mean and standard deviations for the differences between the estimated
rown diameters from aerial images and field measured crown diameters (by tree
pecies).
for some species the derived diameters were always lower than
measured diameters. Therefore, we adjusted the crown diameter
estimation by using linear regression models between CDap and
CDfm by species (Eq. (4)). Fig. 5(a) and Table 4 show RMSE of crown
diameter estimation from aerial images for 20 tree species. Before
the adjustment, RMSE for all trees was  1.43 m (12.0%) and varied
from 0.89 m (Sequoia sempervirens, SESE) to 2.15 m (Cedrus deodara,
CEDE). After the adjustment, overall RMSE for all trees was reduced
to 1.07 m.  Although RMSEs (m)  show a positive relationship with
the mean crown diameters, trees with smaller crown diameters
tended to have larger RMSE percentage values as expected. The
small crape myrtle (Lagerstroemia indica,  LAIN) showed the largest
RMSE (15.0%) among 20 species, while the very large valley oak
(Quercus lobata,  QULO) had the smallest RMSE (6.6%).
CDadj = a × CDap + b (4)

where CDadj is the adjusted crown diameter and CDap is the crown
diameter from aerial image.
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Fig. 5. Relationship between (a) field-measured crown diameters and the same measurements using aerial images, (b) field-measured DBH and estimated DBH using aerial
image,  (c) field-measured tree height and the same measurements from airborne LiDAR data, and (d) calculated biomass from field measurements and estimated biomass
from  the remotely sensed data.

Table 4
RMSEs of crown diameter estimation of 20 tree species from aerial images.

Species Scientific name # trees Mean CD RMSE (before adjust) Adjustment RMSE (after adjust)

(m)  (m)  (%) a b (m) (%)

CEDE Cedrus deodara 49 12.93 2.15 16.6% 1.17 −0.22 1.13 8.7%
CEOC  Celtis occidentalis 28 12.27 1.62 13.2% 1.08 0.50 0.86 7.0%
CESI4  Celtis sinensis 49 13.39 1.36 10.1% 1.00 1.01 0.91 6.8%
CICA  Cinnamomum camphora 50 13.30 1.24 9.3% 1.06 −0.22 1.02 7.6%
FRVEG Fraxinus velutina modesto 36 11.86 1.25 10.5% 1.06 −0.11 1.10 9.3%
GIBI  Ginkgo biloba 54 11.25 1.43 12.7% 1.04 0.74 0.83 7.4%
LAIN  Lagerstroemia indica 24 5.85 1.01 17.3% 0.99 0.58 0.88 15.0%
LIST  Liquidambar styraciflua 37 9.73 1.13 11.6% 1.06 −0.11 1.01 10.4%
LITU  Liriodendron tulipifera 46 12.73 1.46 11.5% 1.06 0.14 1.15 9.0%
MAGR Magnolia grandiflora 58 10.31 1.34 12.9% 1.00 0.94 0.92 8.9%
PICH  Pistacia chinensis 34 12.23 1.63 13.4% 0.93 1.62 1.35 11.0%
PLAC  Platanus × acerifolia 41 13.82 1.34 9.7% 0.98 0.93 1.16 8.4%
PRCE  Prunus cerasifera spp. 19 6.63 1.18 17.9% 0.82 1.77 0.91 13.7%
PYCA  Pyrus calleryana spp. 30 8.32 0.96 11.5% 1.12 −0.32 0.62 7.5%
QUAG1 Quercus agrifolia 45 12.18 1.86 15.2% 1.08 0.59 1.02 8.4%
QULO Quercus lobata 44 14.19 1.43 10.1% 1.03 0.69 0.94 6.6%
QURU  Quercus rubra 32 12.45 1.05 8.4% 1.02 0.26 0.90 7.3%
SESE  Sequoia sempervirens 41 7.95 0.89 11.2% 1.03 0.21 0.78 9.9%
ULPA  Ulmus parvifolia 47 16.31 1.67 10.2% 1.03 0.74 1.16 7.1%

1

1

3

D
m

ZESE  Zelkova serrata 38 14.29 

All  802 11.95 

.2. Regression models: DBH estimation from crown diameter
Allometric equations were established between field-measured
BH and crown diameters to estimate DBH from crown diameters
easured using the NAIP images. Table 5 shows goodness of fit
.41 9.9% 1.06 −0.03 1.12 7.8%

.43 12.0% 1.07 9.0%

for the three different models tested. Although we used RMSEs to

determine the best model, the results indicated that the differences
of RMSE values among the three models were very small. In other
words, selecting the best model within the three different models
was not critical to improve the model’s accuracy. Instead, including
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Table  5
Regression models for DBH estimation from field measured crown diameters.

Species Models RMSE (cm) RMSE (%) r2

CEDE dbh = 5.68 × CD − 8.03 10.00 15.3% 0.911
sqrt(dbh) = 2.55 × sqrt(CD) − 1.10 9.97 15.3% 0.911
dbh  = 3.57 × CD1.13 9.99 15.3% 0.911

CEOC dbh = 3.82 × CD − 5.48 8.60 20.8% 0.834
sqrt(dbh) = 2.07 × sqrt(CD) − 0.85 8.39 20.3% 0.843
dbh  = 2.51 × CD1.11 9.92 24.0% 0.780

CESI4 dbh = 4.99 × CD − 14.91 11.27 21.7% 0.827
sqrt(dbh) = 2.66 × sqrt(CD) − 2.59 10.99 21.2% 0.835
dbh = 1.44 × CD1.37 10.99 21.2% 0.835

CICA dbh = 5.18 × CD − 7.83 10.77 17.6% 0.898
sqrt(dbh) = 2.43 × sqrt(CD) − 1.09 10.70 17.5% 0.899
dbh  = 3.23 × CD1.13 11.09 18.2% 0.892

FRVEG dbh = 4.98 × CD + 0.35 16.64 28.0% 0.688
sqrt(dbh) = 2.22 × sqrt(CD) + 0.06 16.58 27.9% 0.690
dbh  = 5.10 × CD0.99 17.00 28.6% 0.674

GIBI dbh = 4.60 × CD − 4.20 11.15 23.4% 0.772
sqrt(dbh) = 2.27 × sqrt(CD) − 0.72 11.10 23.3% 0.774
dbh = 3.21 × CD1.11 11.18 23.5% 0.771

LAIN dbh = 3.39 × CD + 0.79 6.46 31.3% 0.570
sqrt(dbh) = 1.81 × sqrt(CD) + 0.18 6.48 31.4% 0.568
dbh  = 3.79 × CD0.96 6.50 31.5% 0.565

LIST dbh = 4.99 × CD − 4.06 8.15 18.3% 0.888
sqrt(dbh) = 2.33 × sqrt(CD) − 0.63 8.14 18.3% 0.889
dbh  = 3.77 × CD1.08 8.22 18.5% 0.886

LITU dbh = 5.62 × CD − 11.52 9.99 16.7% 0.903
sqrt(dbh) = 2.65 × sqrt(CD) − 1.77 9.78 16.3% 0.907
dbh  = 2.57 × CD1.23 9.95 16.6% 0.904

MAGR dbh = 5.62 × CD − 8.39 8.88 17.9% 0.831
sqrt(dbh) = 2.61 × sqrt(CD) − 1.37 8.84 17.8% 0.832
dbh = 3.03 × CD1.19 8.94 18.0% 0.828

PICH dbh = 3.64 × CD − 4.47 5.83 14.6% 0.889
sqrt(dbh) = 1.99 × sqrt(CD) − 0.64 6.03 15.1% 0.882
dbh  = 2.67 × CD1.08 5.98 14.9% 0.884

PLAC dbh = 4.63 × CD − 5.97 11.62 20.7% 0.871
sqrt(dbh) = 2.25 × sqrt(CD) − 0.77 11.74 20.9% 0.868
dbh  = 3.27 × CD1.09 11.71 20.9% 0.869

PRCE dbh = 2.79 × CD + 8.33 7.66 28.5% 0.591
sqrt(dbh) = 1.35 × sqrt(CD) + 1.72 7.61 28.4% 0.595
dbh  = 7.90 × CD0.65 7.45 27.7% 0.600

PYCA dbh = 3.53 × CD + 0.80 5.05 16.8% 0.863
sqrt(dbh) = 1.85 × sqrt(CD) + 0.15 5.02 16.7% 0.864
dbh  = 3.84 × CD0.97 5.14 17.1% 0.858

QUAG1 dbh = 4.35 × CD − 4.80 6.46 13.7% 0.915
sqrt(dbh) = 2.16 × sqrt(CD) − 0.60 6.71 14.2% 0.908
dbh  = 3.32 × CD1.07 6.56 13.9% 0.913

QULO dbh = 5.53 × CD − 17.48 16.33 27.3% 0.804
sqrt(dbh) = 2.80 × sqrt(CD) − 2.86 16.22 27.1% 0.807
dbh  = 1.59 × CD1.36 16.53 27.6% 0.799

QURU dbh = 3.87 × CD − 6.57 8.24 19.7% 0.899
sqrt(dbh) = 2.20 × sqrt(CD) − 1.39 8.00 19.1% 0.905
dbh  = 1.87 × CD1.21 7.80 18.6% 0.910

SESE dbh = 11.47 × CD − 22.00 17.03 24.6% 0.877
sqrt(dbh) = 3.95 × sqrt(CD) − 2.93 16.86 24.4% 0.879
dbh  = 4.23 × CD1.33 18.13 26.2% 0.860

ULPA dbh = 3.61 × CD − 4.60 10.21 18.8% 0.780
sqrt(dbh) = 1.97 × sqrt(CD) − 0.61 10.25 18.9% 0.778
dbh  = 2.71 × CD1.07 10.28 18.9% 0.777

ZESE dbh = 4.31 × CD − 6.75 12.29 23.2% 0.820
sqrt(dbh) = 2.17 × sqrt(CD) − 0.83 12.38 23.3% 0.818
dbh  = 3.09 × CD1.08 12.60 23.7% 0.811

Total  Species−specific model 10.80 21.1% 0.872

No  species info dbh = 4.51 × CD − 2.05 17.58 33.5% 0.693
sqrt(dbh) = 2.15 × sqrt(CD) − 0.25 17.63 33.6% 0.693
dbh  = 4.07 × CD1.03 17.59 33.5% 0.693
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pecies information improved the accuracy of the DBH estimation
rom the crown diameter. When species information was excluded
he RMSE of all trees for estimating DBH was 17.6 cm (33.6%). How-
ver, when species information was included the RMSE of all trees
ecreased to 10.8 cm (21.1%). Square-root transformed models (Eq.
2)) were selected as the best models for most species (13 out
f 20 species). For cherry plum (Prunus cerasifera spp., PRCE) and
alifornia white oak (Q. lobata,  QULO), the non-linear power func-
ion (Eq. (3)) showed the best goodness of fit among 3 models. The
inear model showed the best fit for Chinese pistache (Pistacia chi-
ensis, PICH), London planetree (Platanus × acerifolia, PLAN), coastal

ive oak (Quercus agrifolia, QUAG1), Chinese elm (Ulmus parvifolia,
LPA), and Japanese zelkova (Zelkova serrata,  ZESE). However, for
ost species, only a small improvement over the other models.

.3. Stem diameter (DBH) estimation accuracy

The relative RMSE (%) of DBHap was larger than that of CDap,
ossibly because the errors were compounded when we esti-
ated the crown measurements from aerial images and applied the

egression model. Fig. 5(b) shows the relationship between field-
easured DBH and estimated DBH using aerial image. As Table 6

hows, the absolute RMSE of estimated DBHap for all 20 species
as 10.32 cm (20.2%). As expected, absolute RMSEs (cm) show a
ositive relationship with the DBH (the species with larger DBHs
ave larger RMSEs) while trees with smaller DBH tended to have

arger RMSE percentage values. The small crape myrtle (L. indica,
AIN) showed small RMSE (5.31 cm)  among 20 species and rela-
ively large RMSE (25.7%) in percentage value. Although Modesto
sh (Fraxinus velutina modesto, FRVEG) and California white oak
Q. lobata,  QULO) are larger species, both species showed relatively
arge RMSE (26.1% and 25.1%, respectively). In other words, esti-

ated DBHs using crown radius were less accurate, compared to
he other species due to the uncertainties in the regression models
hat used crown diameters to estimate DBHs.

.4. Height estimation accuracy

Previous studies reported a tendency to underestimate tree
eight using LiDAR (Andersen et al., 2006; Gaveau and Hill, 2003;
cCombs et al., 2003; Nilsson, 1996), and our initial result using

he LiDAR data also underestimated tree height. In addition to the
ell-known characteristics of airborne discrete LiDAR sensors (fail-

ng to record treetops due to insufficient sampling density) and
he rasterization process with smoothing, this might have been
ecause of the time gap between the LiDAR survey (2007 and 2008)
han the field survey conducted a few years later (2010 and 2012).

e adjusted the underestimated tree heights by adding a differ-
nt value for each species as an offset (Eq. (5)). To quantify the
djusted height, we fixed the slope coefficient to 1 and calculated
he bias (intercept) using the linear model. All tree species showed
egative bias (i.e., underestimated height). Before the adjustment,
he RMSE of mean tree height was 2.5 m (17.2%) and it decreased
o 1.6 m (11.3%) after the adjustment (Table 7; Fig. 5(c)). The rela-
ionship between absolute RMSEs (m)  and tree height (the species
ith larger tree heights have larger RMSEs) was weak, while trees
ith smaller height still tended to have larger RMSE percentage val-
es. Among the 20 species, tulip tree (Liriodendron tulipifera, LITU)
howed the smallest RMSE (8.31%) and common crape myrtle (L.
ndica,  LAIN) showed the largest RMSE (22.16%).
Tadj = 1 × HTli + offset (5)

here HTadj is the adjusted tree height and HTli is the tree height
rom LiDAR.
n Greening 16 (2016) 208–220

3.5. Biomass estimation with crown diameter and tree height

Using tree dimensions estimated from the imagery, we
calculated aboveground biomass for individual trees using species-
specific biomass equations. The equations for deodar cedar (C.
deodara), northern red oak (Quercus rubra), and coast redwood (S.
sempervirens) produced dry weight values. The equations for the
other 17 species produced wood volume values that were con-
verted into dry weight using conversion factors for each species
(Chave et al., 2009). Table 8 shows RMSE of biomass estimation
with DBH-and-height models and with DBH-only models. In the
case of Q. agrifolia and Q. lobata,  biomass was calculated with only
a DBH-and-height model. Biomass was calculated with a DBH-only
model for deodar cedar (C. deodara), northern red oak (Q. rubra),
and coast redwood (S. sempervirens). Biomass estimates from allo-
metric equations that included tree height were more accurate
than those from DBH-only equations. The RMSEs and R2 values
for DBH-and-height and DBH-only models were 799.2 and 0.88
and 919.8 and 0.85, respectively. Fig. 5(d) shows the relationship
between allometric biomass from field measurements and the esti-
mated biomass using measurements from remote sensing data for
20 species. Exceptions were found for common hackberry (Celtis
occidentalis, CEOC) and Chinese hackberry (Celtis sinensis, CEIS4).
Including tree height estimated from the LiDAR data for these two
tall-growing species added relatively more error to their calculated
biomass.

Biomass estimation errors tended to be influenced by DBHap and
HTli estimation errors. Tree species with larger errors in estimating
dimensions tended to have larger errors in biomass estimation and
vice versa. For example, Modesto ash (F. velutina modesto, FRVEG)
and common crape myrtle (L. indica,  LAIN) had relatively large
RMSE values for estimates of both height and biomass.

4. Discussion

We  evaluated the accuracy of using remotely sensed data to esti-
mate the dimensions and biomass of individual street trees in an
urban area. From the NAIP aerial photo images, we digitized crown
boundaries on aerial photos and estimated approximate crown
diameters (CDap). The accuracy of estimated crown diameters was
tested using field-measured crown diameters. After adjustment the
absolute RMSE of CDap estimation was  1.07 m (9.0%), and the rel-
ative RMSE (%) had a negative relationship with crown diameter
(ranges from 6.6% to 15.0%). We also tested three regression mod-
els to estimate DBH from CDap, determined the best-fit model for
each species, and tested the accuracy of estimated DBHap using
field-measured DBH. The RMSE of DBHap estimation of all trees
was 10.32 cm (20.2%). The relative RMSE (%) of DBHap was larger
than for CDap, partly because of additional error introduced in the
allometric model. We  found that the DBHap estimation became
more accurate if we  accounted for species-dependent relation-
ships between DBH and crown diameter. LiDAR surface models
produced consistently low estimates of height. The RMSE of height
estimates (HTli) decreased from 2.5 m (17.1%) to 1.6 m (11.2%)
after adding an offset value. Like the RMSE of crown diameter,
the RMSE of tree heights showed a negative relationship with tree
heights.

In this study, we adjusted both DBH and height estimations
using field-based values to improve the accuracy of the biomass
calculations. The RMSE of biomass estimation was 799.2 kg (44.8%)
and R2 was 0.881 with the DBH-and-height model. It is worth

noting that without these adjustments, biomass estimates using
tree dimensions (DBHap and HTli) from remotely sensed data will
be underestimated because both DBHap and HTli dimensions are
underestimated.
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Table  6
RMSE of DBH estimation for 20 tree species with regression models and crown diameters from aerial imagery.

Species Scientific name # trees Mean DBH (cm) RMSE r2

(cm) (%)

CEDE Cedrus deodara 49 65.35 10.51 16.1% 0.901
CEOC  Celtis occidentalis 28 41.42 7.46 18.0% 0.875
CESI4  Celtis sinensis 49 51.94 9.26 17.8% 0.883
CICA  Cinnamomum camphora 50 61.06 11.66 19.1% 0.880
FRVEG Fraxinus velutina modesto 36 59.37 15.52 26.1% 0.729
GIBI  Ginkgo biloba 54 47.54 10.25 21.6% 0.807
LAIN  Lagerstroemia indica 24 20.64 5.31 25.7% 0.710
LIST  Liquidambar styraciflua 37 44.52 8.74 19.6% 0.872
LITU  Liriodendron tulipifera 46 60.00 9.59 16.0% 0.911
MAGR Magnolia grandiflora 58 49.57 10.58 21.3% 0.759
PICH  Pistacia chinensis 34 40.04 8.23 20.5% 0.780
PLAC  Platanus × acerifolia 41 56.08 11.77 21.0% 0.867
PRCE  Prunus cerasifera spp. 19 26.85 6.39 23.8% 0.449
PYCA  Pyrus calleryana spp. 30 30.14 4.54 15.1% 0.889
QUAG1 Quercus agrifolia 45 47.16 7.80 16.5% 0.876
QULO  Quercus lobata 44 59.93 15.03 25.1% 0.834
QURU  Quercus rubra 32 41.92 7.17 17.1% 0.924
SESE  Sequoia sempervirens 41 69.17 13.06 18.9% 0.928
ULPA  Ulmus parvifolia 47 54.33 9.29 17.1% 0.818
ZESE  Zelkova serrata 38 53.08 10.51 19.8% 0.869

Total  802 51.15 10.32 20.2% 0.883

Table 7
RMSE of tree height estimation of 20 tree species from LiDAR data.

Species Scientific name # trees Before adjustment After adjustment

Mean height RMSE Offset RMSE

(m)  (m)  (%) (m)  (%)

CEDE Cedrus deodara 49 19.97 2.49 12.4% 1.71 1.88 9.4%
CEOC  Celtis occidentalis 28 11.48 1.65 14.4% 1.28 1.22 10.6%
CESI4  Celtis sinensis 49 12.30 2.53 20.6% 2.00 1.65 13.4%
CICA  Cinnamomum camphora 50 13.89 2.16 15.5% 1.48 1.63 11.8%
FRVEG Fraxinus velutina modesto 36 12.70 2.08 16.4% 1.52 1.36 10.7%
GIBI  Ginkgo biloba 54 14.93 3.34 22.4% 2.85 1.75 11.7%
LAIN  Lagerstroemia indica 24 6.33 1.85 29.3% 1.18 1.43 22.7%
LIST  Liquidambar styraciflua 37 16.95 2.85 16.8% 2.39 1.65 9.7%
LITU  Liriodendron tulipifera 46 20.64 2.83 13.7% 2.34 1.81 8.8%
MAGR  Magnolia grandiflora 58 12.81 1.84 14.4% 1.21 1.45 11.3%
PICH  Pistacia chinensis 34 12.33 2.13 17.3% 1.70 1.34 10.8%
PLAC  Platanus × acerifolia 41 17.18 2.48 14.4% 1.86 1.79 10.4%
PRCE  Prunus cerasifera spp. 19 6.56 1.58 24.1% 0.55 1.66 25.3%
PYCA  Pyrus calleryana spp. 30 11.07 2.32 20.9% 1.86 1.68 15.1%
QUAG1 Quercus agrifolia 45 11.83 2.47 20.9% 1.69 1.69 14.3%
QULO  Quercus lobata 44 15.24 2.78 18.2% 2.18 1.68 11.0%
QURU  Quercus rubra 32 14.65 2.79 19.1% 2.39 1.57 10.7%
SESE  Sequoia sempervirens 41 19.24 2.94 15.3% 2.26 1.83 9.5%
ULPA  Ulmus parvifolia 47 15.43 2.56 16.6% 2.12 1.65 10.7%
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ZESE  Zelkova serrata 38 13.89 

All  802 14.50 

There are several sources of error that influence the accuracy
f tree biomass estimates from remote sensing. Correctly locating
he target tree for measurement can be a source of error when the
xact address and GPS location are not available. These data were
vailable for sample trees in this study, but there was  still a chance
f selecting the wrong tree for measurement when target trees had
rowns that were small, clumped together or under the crowns of
aller trees.

The quality of imagery influenced errors associated with mea-
uring crown diameter (Mäkinen et al., 2006). Although the NAIP
magery was ortho-rectified, not every object in the imagery was
erfectly ortho-rectified. Some tree crowns appeared in perspec-

ive view rather than perpendicular view. Shadowed areas are
roblematic because they make it difficult to correctly delineate
rown boundaries (Richardson and Moskal, 2014). To correctly
ocate trees and improve crown measurement accuracy it is
2.51 18.1% 1.91 1.56 11.3%

2.50 17.2% 1.64 11.3%

important to acquire high-resolution imagery that was  taken
recently during the leaf-on season. Imagery with high spatial reso-
lution (i.e., 15 to 30-cm resolution instead of NAIP’s 1 m resolution)
will improve the accuracy of crown diameter measurements and
reduce the possibility of digitizing the incorrect tree’s crown. In
addition, the accuracy could be improved by applying the relief
correction method to the aerial images (Lehrbass and Wang, 2012).
If possible, extracting canopy diameter from leaf-on LiDAR data
(instead of aerial imagery) will eliminate view geometry issues.

The three to four year time gap between the field survey (2010
and 2012) and LiDAR data acquisition (2007 and 2008) is another
source of error. Tree heights were underestimated from LiDAR. The

time gap and sensor accuracy contributed to this negative bias.
Although the LiDAR sensor’s accuracy is very high (vertical accu-
racy is less than 18.5 cm at 95% confidence level), it did not directly
translate into accurate extraction of tree height. This study showed
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Table 8
RMSE of tree above ground biomass estimation of 20 tree species with two  types of models (DBH and height model, DBH only model).

Code Scientific name n Mean
volume

DW
density
factor

Mean
biomass

RMSE

DBH-Height DBH only

(m3) (kg) (kg) r2 (kg) r2

CEDEb Cedrus deodara 49 – – 2268.4 840.8 0.856 840.8 0.856
CEOC  Celtis occidentalis 28 2.38 490 1168.3 533.4 0.716 478.0 0.772
CESI4  Celtis sinensis 49 3.82 490 1872.7 683.3 0.834 701.6 0.825
CICA  Cinnamomum camphora 50 4.44 520 2307.5 1073.7 0.838 1173.5 0.806
FRVEG Fraxinus velutina modesto 36 3.07 510 1567.6 783.6 0.866 964.9 0.796
GIBI  Ginkgo biloba 54 3.17 520 1650.6 590.9 0.903 769.5 0.836
LAIN  Lagerstroemia indica 24 0.33 571 188.2 78.2 0.815 95.4 0.725
LIST  Liquidambar styraciflua 37 2.25 460 1033.5 583.7 0.846 681.6 0.791
LITU  Liriodendron tulipifera 46 6.26 470 2943.3 866.2 0.923 1247.4 0.840
MAGR Magnolia grandiflora 58 1.98 460 909.3 404.9 0.766 634.4 0.426
PICH  Pistacia chinensis 34 1.67 685 1143.4 495.0 0.765 646.5 0.600
PLAC  Platanus × acerifolia 41 4.92 500 2459.4 1069.7 0.892 1074.5 0.891
PRCE  Prunus cerasifera spp. 19 0.49 470 231.3 84.3 0.598 104.4 0.383
PYCA  Pyrus calleryana spp. 30 0.99 600 596.7 177.1 0.864 188.5 0.846
QUAG1a Quercus agrifolia 45 2.46 590 1873.5 511.9 0.887 – –
QULOa Quercus lobata 44 3.75 550 3223.3 1065.7 0.811 – –
QURUb Quercus rubra 32 – – 1873.5 802.6 0.886 802.6 0.886
SESEb Sequoia sempervirens 41 – – 3223.3 1513.9 0.867 1513.9 0.867
ULPA  Ulmus parvifolia 47 3.52 730 2567.6 742.8 0.857 1248.8 0.597
ZESE  Zelkova serrata 38 3.60 520 1870.1 929.1 0.845 1034.6 0.807

All  802 1782.0 799.2 0.881 919.8 0.846
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W,  dry weight.
a DBH-only model is not available (DBH-and-height is used).
b DBH-and-Height model is not available (DBH-only model is used).

ow the negative bias in tree height estimation can be adjusted. The
djustment offset value can vary depending on tree species and the
easonality of data collection (i.e., leaf-on and leaf-off). We  suggest
hat budgets for data collection include funds for photo interpreta-
ion training and field surveys to verify the remotely sensed data.
raining and field validation should focus on the most challeng-
ng cases, such as clumped trees, large trees with shadows and
mall-stature tree species. With this information analysts are better
ble to make adjustments that correct spatial and temporal biases
rom remotely sensed data. Tree dimensions obtained from sec-
ndary and tertiary estimations tended to contain the largest errors.
or example, estimating DBH required multiple steps and errors
ere propagated through each step: digitizing CPA, estimating

rown diameter from CPA, estimating DBH from CPA and calcu-
ating biomass with DBH. Tree heights were estimated from the
iDAR data while DBH was estimated through multiple steps. This
pproach reduced error propagation. When multiple estimation
teps are unavoidable, using a species-specific allometric model can
ignificantly reduce the errors. We  used allometrically estimated
iomass as the references for our analysis and we did not quan-
ify the discrepancy between the real biomass and allometrically
stimated biomass. We  did not have permission or capacity to har-
est, measure and weigh trees to determine actual biomass. Most
rban forest biomass estimation studies confront this limitation. It

s worth noting that more accurate estimates are especially impor-
ant for smaller-stature trees because their relative RMSEs were
ighest. However, tall trees contribute relatively more biomass to
he city total than short trees. Also, it should be noted that the main
bjective of this study is to quantify the errors associated with esti-
ating biomass using currently available remote sensing data at

ndividual tree level. Future studies may  be able to use results such
s these to scale-up single-tree data to the larger urban forest.

. Conclusions
We  conclude that extracting urban tree dimensions from
emotely sensed data has potential to supplement traditional field
urvey if key limitations are addressed. Acquiring high-resolution
imagery taken during the leaf-on season is a critical starting point.
Providing adequate photo interpretation training and field veri-
fication are essential to locating the correct trees and accurately
measuring crown dimensions. Also, the use of automated methods
such as described in this paper can reduce processing time required
for tree crown segmentation. Reducing the number of steps taken
to calculate tree dimensions and using species-specific allometric
equations improve the accuracy of biomass estimates. Although
we advise caution when applying the regression models developed
in this study to areas where trees grow and are managed differ-
ently, concepts underpinning their derivation and application can
be replicated elsewhere. For example, this approach can be incor-
porated into urban forest carbon project protocols (e.g., California’s
Urban Forest Project Protocol by Climate Action Reserve, 2010) to
customize allometric equations for locally important tree species
and expedite monitoring and quantification of carbon stocks.
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